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RECOMPARISON  OF  THE  UNITED  STATES  PROTOTYPE 

METER. 


By  Louis  A.  Fischer. 


Through  the  courtesy  of  Doctor  Benoit,  Director  of  the  International 
Bureau  of  Weights  and  Measures,  advantage  was  taken  of  a  visit  by 
the  writer  to  Paris  in  October,  1903,  to  compare  U.  S.  Prototype 
Meter  No.  27  with  the  standards  of  the  International  Bureau. 

U.  S.  Metebs  Nob.  27  and  21. 

U.  S.  Meter  No.  27,  like  the  prototypes  of  all  the  principal  nations, 
and  also  like  the  international  meter,  is  composed  of  90  per  cent  plat- 
inum and  10  per  cent  iridium,  with  minute  traces  of  other  metals  which 
compose  less  than  0.1  per  cent  of  the  total.  It  was  intercompared  at 
the  International  Bureau  of  Weights  and  Measures,  in  1888,  with  the 
national  prototypes  above  referred  to  and  with  the  international 
meter;  and  shortly  afterwards  it  was  brought  to  this  country  by  a 
special  messenger,  who  certified  that  it  had  suffered  no  violent 
mechanical  or  temperature  disturbance  in  transportation.  Soon  after 
its  arrival  in  this  country — or  to  be  exact,  on  January  2,  1891 — the 
standard  was  unpacked  with  considerable  ceremony  at  the  Executive 
Mansion  in  the  presence  of  President  of  the  United  States,  who  accepted 
it  as  the  national  prototype  meter.** 

It  was  then  immediately  repacked,  sealed  in  its  metal  case,  and  taken 
to  the  Office  of  Standard  Weights  and  Measures,  in  the  custody  of 
which  it  remained  until  the  formation  of  the  Bureau  of  Standards,  on 
July  1,  1901,  when  it  was  transferred  to  the  Bureau  with  the  other 
apparatus  belonging  to  the  Office  of  Standard  Weights  and  Measures. 
It  remained  packed  and  sealed  in  its  case  until  a  few  weeks  before  it 
was  taken  to  Europe,  when  it  was  compared  with  Meter  No.  21,  which 
is  exactly  similar  to  No.  27,  except  that  the  lines  and  surfaces  are  not 
as  perfect  as  those  of  No.  27,  on  account  of  its  having  been  frequently 

packed  in  shaved  ice. 

* 

<>For  a  full  description  of  the  prototype  meter,  its  transportation  and  acceptance, 
see  Appendix  IS,  U.  8.  Ck)a8t  and  Geodetic  Survey  Report  for  1890. 
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COMPABISON  OF  No.  27  WITH  No.  21. 

This  comparison  was  made  solely  to  furnish  a  check  on  the  length  of 
No.  27  in  case  it  should  meet  with  accident  in  transporting  it  to  and 
from  Europe. 

The  comparisons  were  made  on  an  improvised  comparator  installed 
in  the  subbasement  of  the  Butler  Building,  in  Washington,  now  occu- 
pied by  the  Bureau  of  Standards. 

The  comparator. — The  comparator,  which  is  a  temporary  structure, 
differs  essentially  from  those  used  at  the  International  Bureau  of 
Weights  and  Measures,  and  elsewhere,  and  in  consequence  the  results 
at  present  obtained  with  it  are  not  as  concordant  as  the  results  obtained 
at  the  international  bureau.  For  general  pui^poses,  however,  it  offers 
decided  advantages,  and  if  properly  constructed,  it  is  believed  that  it 
will  give  results  just  as  concordant. 

The  essential  features  of  the  comparator  are  two  brick  piers,  A  A, 
which  support  the  ends  of  a  heavy  iron  I  beam,  B,  to  which  are  clamped 
two  heavy  iron  bmckets,  C  C.  These  brackets  support  the  microscopes 
D  D.  The  microscope  supports  may  be  clamped  anywhere  on  the  I 
beam,  and  hence  the  comparator  may  be  used  for  comparing  bars 
having  any  length  from  0.1  meter  to  1  meter.  Where  the  microscopes 
are  fixed  to  the  piers  it  is  only  possible  to  compare  bars  of  a  definite 
length.  By  properly  protecting  the  I  beam  and  microscopes  against 
temperature  changes,  or  by  making  them  of  the  36  per  cent  nickel- 
steel  alloy,  it  is  believed  that  the  distance  between  the  microscopes 
will  be  as  constant,  or  more  so,  than  the  distance  between  microscopes 
mounted  on  independent  piers.  In  addition  to  the  I  beam  and  its  two 
supporting  piers,  two  intermediate  piers,  E  E,  support  steel  rails  upon 
which  the  carriage  F  moves  transversely  to  the  I  beam.  Mounted  upon 
this  carriage  is  a  wooden  box  G  covered  with  sheet  copper,  inside  of 
which  is  a  heavy  sheet  brass  box  in  which  the  two  bars  to  be  compared 
were  placed.  The  object  of  this  arrangement  was  to  secure  uniform 
temperature  within  the  inner  box.  Since  the  coefficients  of  expansion 
of  the  two  bare  were  almost  identical,  an  accurate  knowledge  of  the 
true  temperature  was  not  important,  though  it  was  important  that 
both  have  the  same  temperature.  The  box  rested  upon  three  adjust- 
ing screws  used  to  focus  the  bars  under  the  microscopes. 

To  protect  the  I  beam  and  the  microscopes  and  clamps  from  the 
heat  of  the  observers'  bodies  they  were  covered  with  sheet  asbestos. 

Thermometers. — ^The  temperatures  of  the  two  bars  were  determined 
by  means  of  two  Tonnelot  thermometers  previously  studied  at  the 
International  Bureau  of  Weights  and  Measures.  One  was  placed  upon 
each  bar,  the  bulbs  being  placed  in  opposite  directions,  and  the  ther- 


FI8CHXB.] 
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mometer  scales  being  read  through  small  openings  in  the  brass  and 
wooden  inclosing  boxes.  As  before  stated,  the  question  of  the  actual 
temperature  was  not  of  importance,  because  the  expansions  of  the  two 
bars  were  so  nearly  equal  that  an  error  of  a  whole  degree  in  reading 


Fio.  1. — ^Arrangement  of  the  comparator. 

the  temperature  introduced  an  error  in  the  final  result  of  less  than 
0.01/i.  Should,  however,  the  temperature  of  one  bar  differ  from  that 
of  the  other  by  0.1^  it  would,  if  not  corrected  for,  introduce  an  error  of 
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0.87/i;  hence  the  necessity  of  a  uniform  temperature  in  the  inside 
brass  box. 

•  Microscopes. — ^The  microscopes  have  a  magnifying  power  of  very 
nearly  50  diameters,  the  objective  and  eyepiece  each  contributing 
equally  to  the  power.  The  objectives  were  of  the  compound  type, 
the  illumination  being  secured  by  mounting  small  prisms  in  the  prin- 
cipal focus  of  the  lower  lens  of  the  objective.  Diffused  light  from 
incandescent  lamps  was  thrown  through  a  screen  of  thin  ground  glass 
upon  the  prisms,  from  which  the  light  was  reflected  vertically  down- 
ward on  the  meter  bars. 

The  micrometer  screws  were  carefully  studied  for  periodic  errors 
about  ten  years  ago,  and  a  number  of  determinations  of  the  screw 
values  have  been  made  since.  They  were  again  determined  in  August, 
1903,  and  the  values  found  were  used  to  reduce  the  observations  made 
at  this  period. 

The  values  for  one  turn  of  the  micrometer  screws  at  diffei*ent  dates 
are  tabulated  below: 


Date. 

Micrometer 
No.  6. 

Micrometer 
No.  6. 

September-October,  1893 

July,  1894 

75>i.99 
.98 
.97 
.99 

74>i.  69 
.67 
.76 
.66 

• 

May-September,  1896 

August,  1903 

The  foregoing  values  indicate  a  very  satisfactory  agreement  in  the 
screw  values  at  widely  different  dates.  Only  one,  namely,  that  of 
micrometer  No.  6,  made  in  1896,  shows  an  appreciable  deviation  from 
the  others.  The  reason  for  this  unusually  large  value  is  not  known, 
nor  is  it  important  for  the  present  purpose. 

Observations. — An  observation  consisted  of  the  following  opera- 
tions, which  consumed  about  fifteen  minutes: 

1.  Reading  of  thermometers  in  inner  case. 

2.  Reading  on  No.  21. 

3.  Reading  on  No.  27. 

4.  Reading  on  No.  21. 

5.  Reading  on  No.  27. 

6.  Reading  on  No.  21. 

7.  Reading  of  thermometers  in  inner  case. 

Every  time  a  bar  was  brought  under  the  microscope  the  microm- 
eters were  read  simultaneously  four  times,  the  observers  exchanging 
places  after  the  second  reading  to  eliminate  personal  equation. 
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To  insure  thermal  equilibrium  at  the  beginning  of  the  obsei'vations 
at  least  three  hours  was  allowed  to  elapse  between  the  observations. 

A  series  consisted  of  eight  observations,  with  the  bars  occupying  as 
many  different  positions  with  respect  to  the  observer  and  the  micro- 
scopes.   The  positions  were  as  follows: 


Ivnt  position. 
27 


Tliird  pomtiofL 
27 


A- 
A 


21 


B 
B 


B 


21 


B 


A 
A 


Second  position. 
27 


Fourth  position, 

27 


B 


21 


A- 


A 
B 


B 


21 


B 


The  other  four  positions  were  obtained  by  substituting  one  bar  for 
the  other  in  each  of  the  above  diagrams. 

By  this  procedure  each  bar  was  in  front,  and  hence  nearer  to  the 
observer  during  half  of  the  observations;  also  each  end  of  both 
bars  was  brought  under  each  microscope  twice.  The  result  of  a  series 
of  observations  is,  therefore,  independent  of  any  possible  affect  of 
peculiar  conditions. 

The  observations  were  all  reduced  to  zero  centigrade  by  means  of 
the  differential  expansion  deduced  from  the  equations  of  the  meter 
bars  as  furnished  by  the  International  Bureau. 

In  the  comparison  now  described  three  series  of  observations  were 
made,  making  a  total  of  twenty-four  observations.  The  results  will 
be  found  in  the  following  table,  in  which  the  first  column  gives  the 
number  and  the  second  the  date  of  the  observation.  The  third  gives 
the  reading  of  the  left-hand  microscope  on  No.  21;  the  fourth  gives 
the  reading  of  the  same  microscope,  on  No.  27;  the  fifth  gives  the 
difference,  in  revolutions,  of  the  readings  of  the  micrometer;  the  sixth, 
the  difference  in  microns.  The  seventh  column  gives  the  reading  of 
the  right-hand  microscope  on  No.  21;  the  eighth,  the  reading  of  the 
same  microscope  on  No.  27;  the  ninth,  the  difference  in  the  readings 
of  the  micrometers;  the  tenth,  the  difference  in  microns;  the  eleventh, 
the  sum  of  the  differences  of  the  two  microscopes,  in  microns;  the 
twelfth  gives  the  mean  corrected  reading  of  the  two  thermometers,  and 
the  thirteenth  gives  the  residuals  for  the  individual  observations  when 
referred  to  the  mean  temperature  of  observation,  namely,  23.50^  C. 
All  of  the  observations  at  the  Bureau  of  Standards  were  made  with 
the  bars  in  air. 
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The  relation  of  the  two  bars,  as  determined  in  1888,  was 

No.  27-No.  21=  -4.00/i  at  0.^0  C. 

If  we  assume  that  the  length  of  No.  27  has  remained  constant,  then 
No.  21  shows  a  decrease  in  length  of  0.33/i.  The  evidence  is,  how- 
ever, too  meager  to  draw  reliable  conclusions  from,  and  hence  a  dis- 
cussion of  this  question  is  postponed  until  further  observations  have 
been  made. 

After  the  above  observations  had  been  completed,  No.  27  was 
carefully  packed  in  its  case  and  transported  to  the  International  Bureau 
of  Weights  and  Measures.  During  the  transportation  the  bar  was 
handled  with  the  greatest  care  and  received  no  shocks,  nor  was  it 
subjected  to  any  sudden  changes  of  temperature.  Upon  the  arrival  of 
No.  27  at  the  International  Bureau  of  Weights  and  Measures,  it  was 
immediately  placed  in  the  Brunner  comparator  with  meter  No.  26, 
and  M.  Maudet,  one  of  the  assistants  at  the  International  Bureau,  was 
delegated  to  assist  in  the  comparisons,  which  were  begun  the  follow- 
ing day. 

The  Brunner  Comparator. 

The  essential  features  of  the  Brunner  comparator,  which  is  fully 
described  in  Vol.  4,  Travaux  et  M^moires  of  the  International  Bureau, 
are  two  massive  stone  piers  on  which  are  mounted  the  two  micrometer 
microscopes,  and  a  double- walled  box  in  which  are  placed  the  bars  and 
which  can  be  displaced  laterally  so  as  to  bring  the  ends  of  the  two 
standards  successively  under  the  microscopes.  The  trough  is  sup- 
ported on  a  foundation  which  is  only  connected  to  the  microscope  piers 
through  the  earth.  None  of  the  piers  are  in  contact  with  the  floors  of 
the  lalioratory.  All  the  comparisons  at  the  International  Bureau  were 
made  with  the  bars  submerged  in  water,  which  was  thoroughly  stirred 
before  each  observation.  The  temperature  of  the  water  and  of  the 
bars  was  determined  by  means  of  four  symmetrically  disposed  Ton- 
nelot  thermometers,  which  had  been  used  in  the  1888  comparisons. 
These  thermometers,  numbered  4246, 4247, 4248,  and  4249,  respectivelj% 
are  perhaps  better  known  in  terms  of  the  hydrogen  scale  than  any 
other  mercury  thermometers  in  existence,  though  in  this  case,  as  before 
stated,  the  actual  temperature  was  of  lit^tle  importance. 

Micrometers. — ^The  micrometers  used  are  the  regular  micrometers 
belonging  to  the  Brunner  comparator,  and  they  will  be  found  described 
in  the  volume  above  referred  to.  Their  values  have  been  carefully 
determined  from  time  to  time,  and  the  values  adopted  for  this  period 
by  the  International  Bureau  were  used.  Merely  as  a  check  a  determi- 
nation of  the  values  was  made  by  the  writer  after  the  observations  had 
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been  completed,  and  the  results  obtained  agreed  almost  perfectly  with 
those  used. 

Standabds  of  THE  Intebnational  Bubeau. 

The  comparison  of  No.  27  was  made  with  the  two  standards  of  the 
International  Bureau,  namely,  No.  26  and  T,. 

Meter  No.  26,  which  is  the  principal  standard,  was  included  in  the 
1888  comparisons,  and  it  was  again  directly  compared  with  the  inter- 
national  meter  in  1892.  T,,  which  is  the  secondary  standard,  was 
compared  directly  with  the  international  meter  in  1892,  and  a  number 
of  times  with  No.  26  between  1892  and  1894. 

It  might  be  well  at  this  point  to  give  the  equations  of  all  of  the  bars 
involved  in  the  comparisons,  both  at  the  Bureau  of  Standards  at  Wash- 
ington, and  at  the  International  Bureau  of  Weights  and  Measures. 

They  are  as  follows: 

u  U  fl 

No.  21  =  Im  +  2. 46-h  8. 666T  +  0. 00100T« 
No.  27  =  Im  -  1.65-h  8.667T  +  O.OOIOOT" 
=  Im  -  1. 65+ 8. 606t  -f  0.00170t« 
No.  26  =  Im  +  0. 80-f  8. 596t  +  0.  OOlTOt* 
Tj  =  Im  -h  1. 60+  8. 683t  +  0. 00170t« 

The  corrections  to  Nos.  21  and  27  at  0^  C.  are  given  one  place 
further  than  the  value  furnished  in  their  certificates,  the  values  in  the 
certificates  having  been  rounded  off  to  the  nearest  tei^th  of  a  micron. 
It  was  deemed  advisable,  in  view  of  the  small  difference  that  might 
be  looked  for,  to  take  the  actual  values  found  in  1888  to  the  nearest 
0.01  of  a  micron.  For  the  same  reason  the  values  of  No.  26  and  T, 
were  taken  to  the  nearest  0.01  of  a  micron.  The  above  values  of 
No.  26  and  T,  are  the  values  at  present  accepted  by  the  International 
Bureau  as  the  result  of  the  comparisons  made  in  1892  and  1894.  In 
the  first  two  equations  T  means  temperature  in  degrees  of  the  hydro- 
gen scale.  In  the  last  three  equations  t  means  temperature  in  degrees 
of  the  hard  glass  scale  of  the  International  Bureau.'  In  the  observa- 
tion made  at  Washington  the  thermometer  readings  were  reduced  to 
the  hydrogen  scale,  while  the  observation  made  at  the  International 
Bureau  was  referred  to  the  hard  glass  temperature  scale.  The  second 
equation  of  No.  27  was  therefore  used  in  the  latter  observations. 

Observations. 

Following  the  method  in  use  at  the  International  Bureau,  an  obser- 
vation made  there  consisted  of  five  pointings  on  one  bar  and  four  on 
the  other,  the  pointings  being  alternately  on  the  two,  but  always 
beginning  and  ending  on  the  same  bar.     A  series  of  observations  was 

aNonvelles  d^teiminations  dee  Metres  ^talons:  Travaux  et  M^moires,  Vol.  11,  p.  6. 
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similar  to  the  series  described  in  connection  with  the  Washington 
observations,  namely,  it  consisted  of  eight  observations  with  the  bars 
occupying  as  many  different  positions  with  respect^  to  the  observers 
and  microscope. 

The  observers  in  these  observations  worked  independently — that  is 
to  say^  for  any  given  position  of  the  bars  an  observation  was  made  at 
different  times  by  each  of  the  observers,  the  observations  succeeding 
one  another  by  intervals  of  half  an  hour  or  more.  This  short  interval 
was  made  possible  by  reason  of  the  bars  being  immersed  in  water. 
Two  series  of  observations  between  Nos.  26  and  27  and  one  series 
between  No.  27  and  T,  were  made  by  each  observer  between  the  1st 
and  the  12th  of  October,  1903.  The  results  of  these  observations  are 
smnmarized  on  pages  12  and  13.  Below  is  a  record  of  the  first  obser- 
vation made  on  October  1.  It  is  given  here  simply  to  show  how  the 
observations  were  made  and  recorded. 


Comparison  of  Meters  Nos.  26-27. 


27 


Oct  1, 

1903 

t 

A 

"' B 

Obeerv: 

Maudet 

A 

-^               B 

OBSERVATION. 

Thermometers, 

4240         4247 

4248         4249 

Means. 

16. 570        16. 755 

16. 705        16. 785 

16.704 

.590           .760 

. 710           .  790 

.712 

16. 580        16. 758 

16. 707        16.  788 

16. 708 

C01T+.161        -f.005 
16.  741        16.  763 

.049        -,035 

.045 

16.  756        16.  753 

16.  753 

Microscope. 

Differences, 

Meter. 

Left. 

Right. 

Left.                  Right. 

27 

14. 773 

15.067 

-0.294 

26 

14. 825 

15.088 

-0.263 

27 

.839 

.127 

-0.288 

26 

.772 

.044 

-0. 272 

27 

.829 

.123 

-0.294 

26 

.759 

.028 

-0.269 

27 

.839 

.128 

-0.289 

26 

14. 753 

15.024 

-0. 271 

27 

14.849 

15.139 

-0.290 

14. 8258  14. 7773 

15. 1168  15. 0460 

—0. 2910             -0. 2687 

rev. 

rev. 

rev. 

-f  0.0485 

+0. 0708 

-0. 0223 

+4.83^ 

+7. 10^ 

-2.27^ 

14 
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The  values  deduced  from  the  six  series  are  remarkably  concordant, 
the  total  range  being  only  0.24/^.  Further,  the  means  of  the  four 
results  depending  upon  No.  26  agree  perfectly  with  the  two  results 
deduced  from  the  observation  between  No.  27  and  T,.  The  question, 
therefore,  of  the  relative  weight  of  the  values  of  No.  27  deduced 
from  No.  26  and  T,  is  not  important.  The  six  results  were,  conse- 
quently, given  equal  weight.  The  probable  error  of  a  single  observa- 
tion is  substantially  the  same  for  both  observers;  namelj-,  0.15/^. 
The  probable  error  of  the  mean  of  the  three  series  of  each  observer. 

For  comparison  the  results  of  the  two  observers  are  repeated: 

M 

(MauUet)  No.  27=1»-1.99  at  0.°0. 
(Fischer)  No.  27=1«»-2.01  atO.°0. 

Mean  No.  27=1'°  — 2.00  at  0.°0. 

The  computed  probable  error  of  the  last  result  is  ±0.02. 
The  value  originally  found  for  No.  27  in  1888  was: 

No.  27  =  1» -  \Mm  at  O**  C. 

The  recent  comparisons  made  at  the  International  Bureau,  therefore, 
show  an  apparent  shortening  of  0.46/i  in  the  length  of  No.  27  with 
respect  to  the  international  meter,  as  represented  by  meters  No. 
26  and  Tj.  If  the  recent  observations  were  the  only  evidence,  there 
would  be  little  doubt  that  a  slight  change  had  occurred  in  the  length 
of  No.  27,  as  only  one  observation  of  the  48  made  gave  a  result  as 
large  as  that  previously  assigned  to  No.  27,  and  moreover  the  probable 
error  of  the  new  result  does  not  admit  of  a  possible  error  greater  than 
0.10/i.  On  the  other  hand,  irregular  changes  equally  as  large  have 
been  observed  in  other  bars  compared  at  different  times  at  the  Inter- 
national Bureau.  The  discrepancies  referred  to  were  likewise  much 
greater  than  would  be  expected  from  the  agreement  of  the  observation 
upon  which  they  depended.^ 

The  same  phenomenon  has  been  observed  in  the  comparison  of  the 
British  imperial  yard  with  its  four  co})ies.*  These  bars  were  com- 
pared in  1855,  1876,  1882,  1892,  and  1902,  so  that  their  constancy 
relative  to  one  another  can  be  studied.  On  account  of  the  coarse  lines 
and  other  defects  in  the  bars  from  a  metrological  standpoint,  rather 

«Nouvellea  determinations  des  Metres  ^talons:  Travaux  et  M^moires,  Vol.  11, 
p.  20. 

^  An  Account  of  the  Comparison  of  Four  Pariiamentary  Copies  of  the  Imperial 
Standards,  1902. 
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large  variations  might  be  expected,  bpt  those  observed  are  too  large 
to  be  accounted  for  in  this  manner. 

The  question  naturally  arises  at  this  point  as  to  whether  the  observed 
differences  represent  real  changes  in  the  lengths  of  the  standards,  or 
whether  they  are  due  to  certain  peculiar  conditions  of  the  observers 
and  comparing  apparatus.  Leaving  out  of  consideration  the  yards 
referred  to,  becajuse  they  belong  in  an  entirely  different  class,  it  may 
be  said  that  if  the  lines  on  the  standard  meters  were  absolutely  per- 
fect and  of  the  same  width,  and  if,  furthermore,  the  surfaces  on  which 
they  are  ruled  were  uniform,  and  in  every  case  perpendicular  to  the 
axes  of  the  bars,  the  method  of  observing  would  eliminate  any  possi- 
bility for  a  constant  error  in  the  final  result. 

The  lines,  however,  are  not  perfect,  but  the  edges  appear  slightly 
ragged,  under  the  magnifying  power  used,  and  hence  the  estimation 
of  the  centers  of  the  lines  is  dependent  to  some  extent  upon  the  vari- 
able judgment  of  the  observer.  Moreover,  the  surfaces  are  not  in 
every  case  exactly  perpendicular  to  the  axes  of  the  bar,  and,  in  conse- 
quence, the  illumination  of  the  lines  is  not  always  perpendicular  to 
the  surfaces  even  if  the  microscopes  of  the  comparator  are  in  perfect 
adjustment.  Undoubtedly,  part  of  the  slight  differences  noted  are 
due  to  the  defects  pointed  out,  but  to  the  writer  it  does  not  appear 
improbable  that  slight  temporary  differences  are  also  due  to  the  pre- 
vious history  of  the  meters,  especially  to  their  previous  thermal  history. 

It  was  the  original  intention  of  the  International  Committee  on 
Weights  and  Measures  to  recompare  the  various  national  prototypes 
with  one  another  and  with  the  international  meter  every  ten  years, 
but  this  plan  has  not  been  carried  out,  though  preparations  are  now 
being  made  at  the  International  Bureau  to  do  this  work.  When  this 
has  been  done,  it  will  be  interesting  to  see  whether  similar  changes 
will  be  observed  in  other  prototypes,  in  which  case  it  will  be  time  to 
speculate  as  to  the  causes. 

Comparison  op  No.  27  after  its  Return  to  Washington. 

A  second  comparison  between  No.  21  and  No.  27  was  made  in  April, 
1904,  the  result  showing  conclusively  that  the  length  of  No.  27  had 
not  been  altered  appreciably  by  its  ti-ansportation  to  and  from  Paris. 
The  results  of  these  observations  will  be  found  in  the  following  table, 
which  is  arranged  in  the  same  manner  as  the  observations  made  prior 
to  taking  JNo.  27  to  Paris.  The  same  apparatus  was  used  under  iden- 
tical conditions  as  in  the  first  series  of  comparisons,  the  only  differ- 
ence being  that  the  observations  in  this  comparison  were  made  by  the 
writer  alone. 

4825— No.  1—04 2 
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The  two  comparisons  made  between  No.  21  and  No.  27  agree  so  well 
that  the  conclusion  is  justified  that  No.  21  is  shorter  with  respect  to 
No.  27  than  has  been  previously  assumed,  though  the  magnitude  of 
the  change  is  not  so  certain.  It  is  nevertheless  interesting  to  see  what 
the  change  in  No.  21  is  on  the  assumption  that  the  new  value  of  No.  27 
represents  its  present  relation  to  the  international  meter.  For  this 
pui"pose  the  values  deduced  from  the  recent  comparisons  of  the  Inter- 
national Bureau  and  at  the  Bui*eau  of  Standards  are  summarized 
below: 

No.  21  =  27  4-  3. 72/£ 

No.  27  =  l"*  -  2. 00// 

hence. -No.  21  =  1°' +  1.72^ 

Old  value  (1888). .No.  21  =  l"'  +  2.45// 

Difference       =         0. 73// 

While  the  results  of  the  new  comparisons  differ  but  slightly  from 
the  old,  and  are  moreover  not  conclusive,  they  nevertheless  introduce 
an  uncertainty  as  to  the  lengths  of  Nos.  27  and  21  and  make  it  desirable 
to  recompare  No.  27  directly  with  the  international  and  other  national 
prototypes.  Until  this  has  been  done  by  the  International  Bureau 
the  old  value  of  No.  27  will  be  used. 

It  is  probable  that  part  of  the  differences  observed  are  due  to  slight 
errors  in  the  coefficients  of  expansion  of  No.  27  and  No.  21,  and  in 
order  to  test  this,  and  also  to  fix  definitely  for  this  period  the  relative 
values  of  these  bars,  further  comparisons  will  be  undertaken  at  once. 

In  conclusion,  the  writer  wishes  to  express  his  obligations  to  Doctor 
Benolt,  director,  and  Doctor  Guillaume,  assistant  director,  respectively, 
of  the  International  Bureau  of  Weights  and  Measures,  for  placing  at 
his  disposal  all  the  required  apparatus  of  the  Bureau  and  for  many 
valuable  suggestions;  to  M.  Maudet,  who  shared  equally  in  the  work 
at  the  International  Bureau,  and  who  made  most  of  the  reductions; 
and  also  to  Mr.  L.  G.  Hoxton,  of  the  Bureau  of  Standards,  who 
assisted  in  the  first  series  of  observations  made  at  Washington  prior 
to  the  comparison  at  Paris. 


A  STUDY  OF  THE  SILVER  VOLTAMETER. 


By  K.  E.  GuTHE. 


Considering  the  important  r61e  which  the  silver  voltameter  plays 
in  electrical  measurements,  relatively  few  investigations  have  recently 
been  made  with  a  view  of  improving  the  accuracy  of  this  instrument. 
The  older  investigations  of  Kohlrausch,^  Rayleigh  and  Sidgwick,* 
Gray,<^  Schuster  and  Crossley,^  and  of  Glazebrook  and  Skinner/ 
proved  the  silver  voltameter  to  be  more  reliable  than  the  copper 
voltameter,  and  this  led  to  the  general  use  of  the  well-known  form, 
the  specifications  of  which  have  been  adopted  in  connection  with  the 
legal  definition  of  the  ampere,  and  are  practically  identical  in  the 
United  States/  England,^  and  Germany.*  This  type  has  consequently 
been  used,  sometimes  with  only  slight  modifications,  in  a  large  num- 
ber of  investigations;  but  as  the  demands  upon  the  accuracy  of  the 
results  increased,  it  became  more  and  more  apparent  that  it  presented 
a  number  of  peculiarities,  and  the  thorough  researches  on  the  behavior 
of  this  voltameter  by  Kahle*  and  others  soon  created  the  impression 
that  the  results  obtained  with  a  silver  voltameter  can  not  lay  any 
claim  to  a  high  degree  of  accuracy. 

Until  recently  the  attempts  to  find  the  source  of  trouble  in  the  vol- 
tameter have  been  rather  unsuccessful,  diflferent  investigators  arriving 
at  different  conclusions  regarding  the  influence  and  nature  of  the  dis- 
turbing factors.  While  it  must  be  conceded  that  in  two  voltameters 
of  the  usual  form,  when  arranged  in  series  and  treated  in  exactly  the 
same  manner,  the  same  quantity  of  electricity  will  yield  deposits 
differing  in  weight  not  more  than  1  in  5,000,  or  even  1  in  10,000; 

«F.  and  W.  Kohlrausch:  Wied.  Ann.,  27,  p.  1;  1886. 

ft  Rayleigh  &  Sidgwick:  Phil.  Trans.  Roy.  8oc.,  176,  p.  411;  1884. 

<^Th.  Gray:  Phil.  Mag.,  22,  p.  389;  1886. 

^^  Schuster  &  Crossley:  Proc.  Roy.  Soc.,  60,  p.  344;  1892. 

« Glazebrook  &  Skinner:  Phil.  Trans.  Roy.  Soc.,  ISS,  p.  667;  1892. 

/Nat.  Acad,  of  Sci.,  Feb.  20,  1895. 

fl' (London)  Electrician,  27,  p.  325;  1891. 

AZS.  f.  Inatrk.,  21,  p.  180;  1901. 

*Kahle:  ZS.  f.  Instrk.,  18,  pp.  229,  267;  1898. 
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these  same  instruments,  when  used  under  slightly  differing  and  fre- 
quently under  apparently  the  same  conditions,  will  show  much  larger 
differences  in  a  series  of  independent  experiments. 

At  this  point  Richards,  Collins,  and  Heimrod,^  and  Leduc*  took  up 
the  problem  of  improving  the  silver  voltameter  or  coulometer,  a  name 
which  Richards  proposes  for  the  instrument  and  which,  I  think,  would 
be  much  more  appropriate. 

Since  so  far  the  research  of  Richards  and  his  students  is  the  only 
one  in  which  a  systematic  comparison  of  various  types  has  been  made, 
it  seemed  of  sufficient  importance  to  partly  repeat  the  work  with  such 
modifications  as  seemed  advisable,  and,  after  having  found  the  most 
reliable  form,  to  subject  it  to  a  severe  test  in  order  to  determine  the 
degree  of  accuracy  which  may  be  expected  from  it. 

Description  of  the  Voltameters  and  their  Treatment. 

The  following  types  were  investigated: 

1.  The  iLsual  type,,  consisting  of  a  platinum  bowl  10  cm  in  diameter 
and  5  cm  deep  as  kathode  and  a  silver  plate  held  by  a  silver  rod  at  its 
center  as  anode.  The  anode  was  surrounded  by  filter  paper  secured  at 
the  back  with  a  little  sealing  wax.  The  electrolyte,  unless  otherwise 
stated,  was  a  neutral  freshly  prepared  20  per  cent  solution  of  silver 
nitrate. 

To  test  the  neutrality  of  the  solution,  the  silver  was  precipitated  by 
NaCl  solution  and  the  filtrate  tested  with  methylorange.  Silver  nitrate, 
obtained  from  Eimer  and  Amend  as  chemically  pure,  contained  no  acid. 
In  a  few  cases  the  crystals  were  first  fused  to  insure  neutrality,  but 
since  it  was  found  that  the  results  obtained  with  a  solution  of  the  fused 
salt  agreed  closely  with  those  where  the  solution  was  made  from  crys- 
tals, the  latter  was  used  in  almost  all  experiments. 

2.  The  stiver  oxide  voltameter, — Patterson  and  Guthe**  employed 
as  electrolyte  a  solution  saturated  with  Ag^  O,  To  allow  the  oxide  to 
have  as  great  an  influence  as  possible  the  voltameter  was  constructed 
in  such  a  manner  that  the  current  had  to  pass  through  a  layer  of  the 
oxide.  For  this  purpose  the  anode  was  placed  inside  a  porous  cup 
glazed  at  the  side,  at  the  bottom  of  which  a  layer  of  carefully  prepared 
Ag^  0  was  placed.  Since  the  glazing  showed  a  tendency  to  crack,  an 
ordinary  porous  cup  was  used  in  the  later  experiments,  and  a  tight- 
fitting  glass  tube  inserted  in  it,  in  order  to  prevent  the  current  from 

o  Richards,  Collins,  and  Heimrod:  Proc.  Am.  Acad.,  85,  p.  123;  1S99.     Richards 
and  Heimrod:  Proc.  Am.  Acad.,  87,  p.  415;  1902. 
ftLeduc:  J.  de  Phys.,  1,  p.  661;  1902. 
<J Patterson  and  Guthe:  Phys.  Rev.,  7,  p.  257;  1898. 
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passing  through  the  sides.  The  liquid  was  a  20  per  cent  solution  of 
silver  nitrate  kept  in  a  bottle  containing  silver  oxide.  Either  platinum 
bowls  or  platinum  crucibles  served  as  kathodes. 

3.  The  JRichards  voltameter^  consisting  of  a  platinum  crucible  10  cm 
high  and  6  cm  wide  as  kathode.  The  anode,  a  silver  rod,  was  sur- 
rounded by  a  fine-grained  porous  cup,  made  from  the  lower  end  of  a 
Pasteur  filter.  The  electrolyte  was  the  same  as  in  type  1.  During 
the  experiment  the  liquid  in  the  porous  cup  was  always  kept  at  a  lower 
level  than  that  outside  by  removing  about  every  ten  or  fifteen  minutes 
some  of  the  liquid  in  the  cup  by  means  of  a  pipette.  Once  a  siphon 
was  employed  to  produce  this  diflference  in  level,  without,  however, 
changing  the  result. 

A  slight  and  somewhat  more  convenient  modification  of  this  type 
will  be  described  later. 

4.  Large  silver  anode  type, — A  platinum  bowl  formed  the  kathode. 
In  the  20  per  cent  solution  of  silver  nitrate  a  porous  cup  of  7  cm 
diameter  was  suspended,  and,  at  the  bottom  of  this,  finely  divided  sil- 
ver was  placed,  the  current  being  led  into  the  voltameter  by  means  of 
a  plate  pressed  upon  the  silver.  At  first  the  fine  crystals  deposited  at 
the  kathode  in  previous  runs  were  used,  but  it  was  soon  found  that 
the  silver  became  packed  so  closely  that  it  acted  like  an  ordinary  plate; 
therefore,  in  the  later,  final,  experiments  granulated  silver,  prepared 
from  the  crystals,  was  substituted  and  upon  this  the  plate  was  pressed. 

5.  Ledums  form  diflFers  from  type  4  principally  by  the  use  of  filter 
paper  and  muslin  to  hold  the  granules  on  the  anode.  Granulated  sil- 
ver was  heaped  upon  a  plate,  6  cm  in  diameter,  then  covered  by  pure 
filter  paper  and  held  tight  on  the  plate  by  bleached  millinet.  This 
forms  the  anode.  In  all  other  respects  this  voltameter  is  identical 
with  type  1. 

The  silver  was  either  pure  silver  obtained  from  the  United  States 
Mint  or  silver  bought  from  Eimer  and  Amend  as  chemically  pure. 
While  the  residts  obtained  with"  the  two  kinds  agreed  well  with  each 
other,  the  appearance  of  the  anodes  after  the  experiment  showed  a 
striking  diflference.  While  the  finely  divided  silver  which  covers  the 
pure  anode  after  electrolysis  is  whitish  and  crystalline,  the  less  pure 
silver  from  Eimer  and  Amend  is  perfectly  black,  the  layer  consisting 
mainly  of  silver.  This  diflference  in  the  appearance  of  the  anode  allows 
a  good  estimate  of  the  purity  of  the  silver  used  and  has  been  noticed 
before  in  the  work  of  the  R^ichsanstalt.*" 

The  porous  cups  were  treated  with  aqua  regia,  potassium  cyanide 
solution,  nitric  acid,  and  finally  with  boiling  water  before  being  used 

oZS.  f.  Instrk.,  22,  p.  155;  1902. 
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in  the^voltameters.  After  a  few  runs  the  cups  become  dark  on  the 
outside,  due  to  a  thin  layer  of  finely  divided  silver,  which  can,  however, 
easily  be  removed  by  potassium  cyanide.  For  the  large  silver  anode 
type,  closely  grained  cups  of  very  convenient  shape  were  obtained 
from  the  Akron  Insulator  and  Marble  Company. 

The  use  of  filter  paper  was  carefully  avoided  in  the  preparation  of 
the  solution,  since  it  seems  that  the  organic  substances  act  chemically 
upon  neutral  silver  nitrate  solution.*  It  was  not  filtered,  but  trans- 
ferred from  its  bottle  to  the  voltameters  by  means  of  a  clean  pipette. 
Only  in  types  1  and  5  was  filter  paper  used  during  the  experiment, 
since  it  is  characteristic  for  these  forms. 

The  treatment  of  the  silver  voltameters  was  in  all  cases  identical. 
The  platinum  bowls,  or  crucibles,  were  washed  successively  with  nitric 
acid,  water,  then  heated  to  160°  C.  in  an  air  bath,  and,  after  having 
cooled  in  a  desiccator  for  an  hour  or  two,  carefully  weighed.  After 
the  experiment  the  deposits  were  washed  four  or  five  times  with  dis- 
tilled water,  until  the  last  wash  water  did  not  show  a  bluish  color  on 
addition  of  NaCl  solution.  Then  the  vessels  were  left  over  night  filled 
with  distilled  water  well  covering  the  deposit,  were  emptied  in  the 
morning,  heated  to  160°  C,  cooled,  and  weighed  as  before.  The 
weight  of  the  deposit  for  each  run  was  about  4  grams.  Usually  silver 
was  deposited  twice  in  the  same  vessel,  after  which  most  of  it  was 
removed  by  scraping  and  the  rest  dissolved  in  nitric  acid. 

It  was  not  deemed  necessary  to  wash  the  deposit  with  water  at 
80°  C,  as  has  been  recommended  by  the  Reichsanstalt.  Though 
Kahle*  and  Merrill^  have  found  that  silver  is  slightly  soluble  in  hot 
water,  Richards,  Collins,  and  Heimrod,**  as  well  as  Leduc,*  have  shown 
that  after  proper  washing  the  weight  of  the  deposit  does  not  change 
upon  continued  digestion  with  water  of  room  temperature,  a  conclusion 
fully  corroborated  by  my  experience. 

Great  care  was  taken  to  guard  against  any  loss  of  silver  during  the 
washing  of  the  deposit.  The  solution,  as  well  as  the  wash  water,  was 
always  first  emptied  into  a  clean  beaker.  With  proper  illumination 
even  minute  particles  of  silver  could  be  seen  very  distinctly.  If  any 
were  present  they  were  carefully  collected  in  a  small  filter  and  later 
added  to  the  deposit. 

Lord  Rayleigh  and  Richards  have  found  that  in  spite  of  careful 
washing  some  of  the  mother  liquid  remains  included  in  the  interstices 
between  the  crystals,  shown  by  a  slight  loss  of  weight  on  heating  to 
dull  redness,  but  Gray-^  was  unable  to  observe  any  loss  in  deposits 

oZS.  f.  Instrk.,  22,  p.  156;  1902.  rfLoc.  cit,  p.  139. 

^Loc.  cit,  p.  233.  *Leduc:  C.  R.,  186,  p.  24;  1902. 

^Merrill:  Phys.  Rev.,  10,  p.  170;  1900.        /Gray:  Phil.  Mag.  22,  p.  399;  1886. 
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properly  washed.  At  any  rate  the  amount  included  can  only  be  very 
slight  and  must  be  rather  constant,  considering  how  accurate  the 
results  are  with  properly  constructed  voltameters.  Therefore  the 
deposit  was  not  heated  in  my  experiments.  The  weighings  were  made 
with  a  good  chemical  balance,  having  a  sensitiveness  of  about  20 
divisions  for  the  load  used.  It  was  found  advisable  to  keep  two  shal- 
low dishes  with  calcium  chlorid  in  the  balance  case  in  order  to  pre- 
vent condensation  of  moisture  on  the  deposit.  In  each  experiment 
four  voltameters  were  arranged  in  series,  namely,  a  set  of  two  bowls, 
agreeing  in  weight  within  4  mg  (55.24  grams  each),  and  a  set  of  two 
crucibles,  agreeing  to  within  7  mg  (39.10  grams  each).  Each  vessel 
of  a  set  was  first  weighed  separately  by  the  method  of  double"  weigh- 
ing, and  then  the  diflference  between  the  two  was  found  by  the  same 
method.  The  latter  always  agreed  with  the  difference  between  the 
two  separate  determinations  within  0.06  mg.  From  these  data  the 
probable  weight  of  each  vessel  was  calculated. 

The  vessels  were  counterpoised  by  platinum,  so  as  to  avoid  trouble- 
some corrections  for  the  buoyancy  of  air,  and  the  weights  used  were 
platinum  weights,  standardized  by  the  Section  of  Weights  and  Meas- 
ures of  the  Bureau. 

Description  of  the  Method. 

The  arrangement  of  the  apparatus  is  represented  by  the  figure. 
The  current  was  furnished  by  a  storage  battery  of  40  cells,  J?,  and  in 
series  with  it  were  placed  a  large  variable  resistance,  r^,  the  four 
voltameters,  F,  and  standard  resistance  coil,  >«S'^.  R.  The  small  resist- 
ance r,  was  shunted  by  a  Kelvin  rheostat,  r.  This  consists  of  a  wire 
wound  upon  two  cylinders,  of  which  one  is  of  metal  and  the  other  one 
insulating.  By  rotating  the  cylinders  the  wire  is  transferred  from  one 
cylinder  to  the  other  and  the  resistance  of  the  rheostat  varied  in  a 
continuous  manner.  By  the  use  of  this  instrument  slow  variations  of 
the  current  can  easily  be  avoided.  In  a  shunt  to  the  standard  resist- 
ance, a  sensitive  galvanometer,  Gy  and  a  Weston  cell,  St.  C.^  were 
placed,  the  latter  so  as  to  oppose  the  potential  difference  at  the  termi- 
nals of  the  standard  resistance;  equality  between  the  two  is  indicated 
by  the  galvanometer  remaining  at  rest.  An  unsaturated  Weston  cell 
was  selected  on  account  of  its  negligible  temperature  coefficient.  The 
same  cell  was  used  throughout  the  investigation.  For  the  determi- 
nation of  its  E,  M,  F,  in  terms  of  the  standard  of  the  Bureau  and  for 
the  measurement  of  the  standard  resistances  and  their  temperature 
coefficient  I  am  indebted  to  the  Section  of  Resistance  and  Electromotive 
Force. 
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The  current  is  first  closed  through  the  resistance  R^  which  was  made 
as  nearly  equal  as  could  be  estimated  to  that  of  the  voltameters,  then 
adjustment  was  made  for  no  Reflection  of  the  galvanometer  by  vary- 
ing the  resistance  of  the  circuit,  and  finally,  after  the  current  had 
become  practically  constant,  it  was  sent  for  a  definite  time  through  the 
voltameters  by  throwing  the  switch  1.  By  rotating  the  Kelvin  rheostat 
the  current  was  kept  constantly  adjusted  to  its  proper  value,  until  the 
experiment  was  completed. 

Standard  resistances  of  1,  2.  5,  and  10  ohms  were  used  in  St,  R.^ 


St.C. 


AAAAMA/V 


and  once  the  1  and  the  2  ohms  were  placed  in  parallel.  Thus  the  cur- 
rent was  varied  in  the  different  experiments  from  0.1  to  1.5  ampere. 
The  current  was  usually  kept  closed  long  enough  to  allow  one  ampere 
hour  to  pass  through  the  voltameters — ^i.  e.,  each  time  about  4  grams 
of  silver  were  deposited.  A  change  of  the  current  as  small  as  1  in 
100,000  could  easily  be  seen  on  the  scale.  In  the  final  determinations 
of  the  electrochemical  equivalent  only  such  experiments  were  used  in 
which  the  variations  of  the  current  did  not  exceed  1  in  25,000. 

The  time  was  measured  by  an  astronomical  clock,  connected  with  a 
chronograph,  which  also  recorded  the  making  and  breaking  of  the  cur- 
rent through  the  voltameters.  The  rate  of  the  clock  was  determined 
b}'^  means  of  the  noon  signals  received  from  the  Naval  Observatory. 

In  a  number  of  experiments  the  variations  of  the  current  exceeded 
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the  required  limit,  due  partly  to  the  inconstancy  of  the  storage  bat- 
tery, partly  to  variations  in  the  resistance  of  the  voltameters  or  the 
circuit.  In  some  cases  the  I'ate  of  the  clock  was  not  known  to  a  suffi- 
cient degree  of  accuracy  or  the  resistance  of  the  voltameters  was  not 
estimated  correctly.  Experiments  in  which  such  troubles  occurred 
could  not  be  used  for  the  final  calculation,  but  they  allow  relative  com- 
parisons of  the  diflferent  types  of  voltameters. 

For  convenience  the  Weston  cell  was  not  placed  directly  in  the 
shunt  from  the  standard  resistance,  but  a  potentiometer  was  intro- 
duced, the  Weston  cell  balanced  over  a  resistance  of  10,190  ohms  and 
then  the  terminal  potential  difference  of  the  standard  resistance  substi- 
tuted for  the  cell.  Of  course  the  constancy  of  the  auxiliary  current 
through  the  potentiometer  was  frequently  checked  by  reconnecting 
with  the  standard  cell. 


COMPARISON   OP   DIFFERENT  VOLTAMETERS. 

In  the  following  tables  the  results  obtained  are  given.  Table  I 
shows  that  two  voltameters  of  the  same  type  and  treated  in  precisely 
the  same  manner  will  yield  deposits  which  will  in  general  not  differ 
from  each  other  by  more  than  1  in  10,000. 

Table  1. 


Richards  type. 

Usual  type. 

1. 

2. 

Difference. 

1. 

-     2. 

Difference. 

4.09927 
4.09955 
4.09851 
4.09927 

4.09911 
4.09959 
4. 09870 
4.09941 

Per  cent, 
-0.004 
+  .001 
+  .007 
H-  .003 

4.09973 
4.10003 
4. 10154 
4. 10100 

4.09945 
4.09961 
4.10098 
4. 10247 

Per  cent. 
-0.007 

-  .010 

-  .014 
-h  .036 

AgjO  type. 

Fiarge  anode  type. 

1. 

2. 

Difference. 

1. 

2. 

Difference. 

4.09913 
4. 10382 

4.09935 
4. 10392 

1 
Per  cent. 

+0.006 

-h  .002       1 

4. 10082 
4.09891 
4. 10172 

4.09985 
4.09888 
4. 10167 

Per  cent. 
0.001 

-  .001 

-  .001 

1 
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The  usual  form  does  not  show  nearly  as  constant  results  as  the  other 
three.  The  last  large  difference  may,  however,  be  due  to  loss  of  sil- 
ver in  one  bowl. 

Tables  2  to  8  allow  a  comparison  between  the  different  types,  when 
the  same  quantity  of  electricity  is  sent  through  them.  In  the  first 
column  of  each  table  the  current  is  given  and  in  the  last  the  percentage 
difference  between  the  two  forms.  The  asterisks  denote  that  the 
deposit  is  on  silver,  i.  e.,  that,  it  is  a  second  deposit. 


Table  2. 


Current. 

Richards  type. 

Usual  type. 

Difference. 

Per  ceTd. 

0.1 

4.09863 

4. 10150* 

-fO.  070      * 

0.2 

4.09993* 

4.10225 

-h  .057 

0.5 

4. 09870 

4. 10126* 

-f  .062 

1.0 

4.09800 

4.09973 

-h  .036 

1.0 

4.09927* 

4. 10100 

-h  .042 

1.0 

4.09941* 

4. 10247 

-f  .050 

1.0 

4.09881 

4. 10016 

+  .030 

1.0 
Average.. 

4.09896 

4.10056 

+  .039 

-f  .048 

i 


Table  3. 


Current. 

Richards  type. 

Ag,0  type. 

Difference. 

0.1 
0.5 
1.0 
1.5 

4.09863 
4. 09881* 
4.09881 
4. 09897 

4. 10147 
4.10053 
4. 10167 
4. 10091* 

Per  cent. 
+0.069 
-f  .042 
4-  .070 
-f  .047 

Average 

-f  .055 

017THE.] 


THE   SILVER   VOLTAMETEK. 


29 


Table  4. 


Current. 

Richards  type. 

Leduc  type. 

Difference. 

0.2 
0.5 

4.09920 
4.09906* 

4.10245 
4. 10141* 

Per  cent. 
-f  0.057 
-f  .057 

Average - 

-f  .057 

Table  5. 


Current. 

Large  anode  type. 

Ag,0  type. 

Difference. 

1.0 
1.0 

4. 10172 
4. 10167 

4. 10382* 
4. 10392* 

Percent, 
-f  0. 051 
-h  .055 

AveraiiFP 

+  .053 

Table  6. 


Current. 

Usual  type. 

-A^foO  type. 

Difference. 

0.1 
0.2 
0.2 
LO 

4. 10150 
4. 10003* 
4.09961* 
4. 10016 

4. 10147 
4.09913 
4.09935 
4. 10167 

Per  cent. 
-0.001 

-  .022 

-  .006 
+  .038 

Average 

+  .002 
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Table  7. 


Current. 

Richards  type. 

I^arge  anode  type. 

Difference. 

Per  cent. 

0.2 

4.09993* 

4.09962 

-0.007 

0.5 

4. 09881* 

4.09889 

+  .002 

0.6 

4.09906* 

4. 09919* 

+  .003 

1.0 

4.10449 

4.10468 

+  .005 

1.0 

4.10461 

4. 10510 

+  .012 

1.0 

4.09919 

4.09912 

-  .002 

1.0 

4.11888 

4. 11902 

+  .004 

1.0 

3. 47004* 

3. 47053 

-f  .014 

1.5 
Averaj^e . . 

4. 09897 

4.09880* 

.004 

+  .003 

Table  8. 


Current. 

Richards  type. 

Richards  tvpe 
(modifiea). 

Difference. 

Per  cent. 

0.2 

4.09920 

4.09942 

+0.005 

0.6 

4.09906* 

4. 09896* 

.002 

1.0 

3. 47004* 

3.46998* 

.003 

1.0 

4.09896 

4.09881 

-  .004 

1.0 
Aveage. . . 

4. 11888 

4. 11857 
-  

-  .008 

.002 

From  these  tables  it  can  be  seen  that  there  are  two  distinct  classes 
of  voltameters,  on  one  side  the  usual,  Leduc's,  and  the  silver  oxide 
type,  on  the  other  the  Richards  and  the  large  anode  type,  the  latter 
class  yielding  deposits  about  0.05  per  cent  smaller  than  the  former. 

The  difference  between  the  usual  form  and  Richards's  agrees  very 
well  with  the  final  average  of  0.050  per  cent  given  by  Richards.^  A 
voltameter  in  which  the  electrolyte  was  always  kept  saturated  with 
AggO  has  not  been  used  before.  Patterson  and  Guthe  employed  a 
solution  saturated  before  the  experiment  was  made,  but  in  all  other 
respects  adhered  to  the  legal  specifications.  Richards's  comparison 
between  his  type  and  Patterson  and  Guthe's  showed  for  the  latter  a 

a  Richards  and  Heimrod:  Proc.  Am.  Acad.,  87,  p.  439;  1902. 


ODTHK.]  THE    SILVER   VOLTAMETER.  31 

deposit  0.112  per  cent  larger  than  for  the  former,  besides  a  consider- 
able variation  in  the  percentage  diflFerence  (from  0.039  to  0.230  per 
cent).  We  see  from  Table  3  that  the  form  of  AgjO  voltameter  used 
in  the  present  investigation  gives  somewhat  more  concordant  results 
and  a  much  smaller  diflFerence  between  the  two  types.  Possibly  the 
presence  of  filter  paper  in  the  Patterson  and  Guthe  voltameter  may 
explain  the  greater  value.  A  porous  cup  has  doubtless  the  eflfect  of 
decreasing  the  weight  of  the  deposit. 

It  must  be  confessed  that  the  results  obtained  with  Leduc's  volta- 
meter were  not  expected.  He  has  repeatedly  asserted  that  no  trouble 
arises  when  small  anodic  current  density  is  employed.  As  will  be  seen 
from  Table  4,  in  these  comparisons  small  currents  were  used,  but  the 
deposit  was  in  each  case  0.057  per  cent  larger  than  that  obtained  with 
the  Kichards  type.  A  comparison  of  Tables  3  and  4  verifies  Leduc's 
statement^  that  a  solution  saturated  with  the  oxide  and  a  normal  solu- 
tion will  give  identical  results.  It  was  also  noticed  that  even  with 
these  small  currents  the  heavy  anode  liquid  sinking  to  the  bottom  of 
the  platinum  bowl  and  there  spreading  produced  a  starlike  figure  of 
the  deposit.  This  peculiar  arrangement  of  the  crystals,  very  charac- 
teristic for  the  usual  type,  has  been  studied  by  Behn,*  who  showed  it 
to  be  due  to  the  motion  of  the  heavy  anode  liquid  along  the  surface  of 
^he  kathode. 

With  a  porous  cup  around  the  anode  the  crystals  are  distributed 
perfectly  evenly  over  the  kathode  without  showing  the  striae  spoken 
of.  Filter  paper  allows  an  easy  passage  to  the  anode  solution,  and 
should  therefore  be  avoided,  even  if  the  chemical  action  upon  neutral 
nitrate  solution,  to  which  attention  was  drawn  above,  will  not  aflfect 
the  electro-chemical  equivalent. 

All  previous  researches  on  the  subject  have  led  to  the  conclusion 
that  the  source  of  trouble  is  to  be  looked  for  at  the  anode.  The  solu- 
tion becomes  acid  during  electrolysis,  and  therefore  the  presence  of 
acid  has  been  suggested  as  the  reason  for  the  inconstancy  of  the  vol- 
tameter. Leduc*^  has  shown,  however,  that  a  fresh  solution,  originally 
neutral,  but  afterwards  slightly  acidified,  gives  smaller  deposits  than 
a  neutral  solution.  According  to  this  observation,  the  presence  of 
acid  alone  has  not  the  eflfect  of  increasing  the  weight  of  the  deposit. 
Another  interesting  observation  by  the  same  author  shows  that  if  the 
amount  of  acid  surpasses  a  certain  limit  in  the  original  solution,  its 
density  will  decrease  during  electrolysis,  a  fact  observed  before  by 

o  Leduc:  Rapp.  CJongr.  intern.,  2,  p.  444;  Paris,  1900. 
&Behn:  Wied.  Ann.,  51,  p.  ia5;  1894. 
« Leduc:  J.  de  Phys.,  1,  p.  573;  1902. 


32  BULLETIK   OF   THE    BUREAU    OV   STANDARDS.      Ivol.1,  no.1. 

Eodger  and  Watson."  The  latter  seem  to  be  the  first  to  have  pointed 
out  that  during  electrolysis  a  complex  silver  ion  may  be  formed  and 
that  this  may  produce  too  heavy  deposits.  The  thorough  work  of 
Richards  and  his  students  have  strengthened  this  view  and  my  own 
results  seem  all  to  point  to  the  same  explanation.  The  existence  of 
such  a  complex  ion,  whatever  it  may  be,*  would  easily  enough  explain 
the  formation  of  the  acid  at  the  anode.  It  is  well  known  that,  during 
electrolysis  of  silver  nitrate  solution,  crystals  are  formed  at  a  platinum 
anode,  which  according  to  Sulc*^  and  Mulder  and  Heringa^  have  the 
formula  Ag^NOji.  I  have  been  able  to  obtain  these  bluish-black 
crystals  mixed  with  silver  at  the  cathode  from  a  solution  saturated 
with  AgjO,  using  a  large  current  density.  In  this  case  the  deposit 
was  abnormally  heavy,  0.23  and  0.32  per  cent  greater  than  that 
obtained  in  a  large  silver  anode  voltameter.  Complex  ions  are  there- 
fore present  in  such  a  solution  and  it  seems  reasonable  to  suppose 
that  if  they  reach  the  kathode,  as  they  will  in  voltameters  in  which  the 
anode  is  surrounded  by  filter  paper  or  in  the  AgjO  type,  the  deposit 
will  be  too  heavy,  resulting  in  a  wrong  value  for  the  electro-chemical 
equivalent  of  silver. 

Richards's  method  of  removing  the  heavy  anode  liquid  from  the 
bottom  of  the  porous  cup  and  preventing  its  diflfusion  toward  the 
kathode  by  keeping  the  level  inside  lower  than  the  outside  is  therefore 
correct,  and  will  not  give  too  small  an  equivalent,  as  Leduc  asserts. 

The  large  silver  anode  voltameter  gives  the  same  results  as  Rich- 
ards's form,  in  spite  of  the  fact  that  the  solution  is  at  the  same  level 
inside  and  outside.  (See  Table  7.)  How  can  we  explain  this?  A  few 
experiments  by  Richards  and  Heimrod*  show  that  a  crucible  on  which 
silver  had  been  deposited  previously  will  increase  in  weight  when 
filled  with  the  anpde  solution.  Apparently  a  chemical  reaction  takes 
place,  resulting  in  a  breaking  up  of  the  complex  ion  and  a  deposition 
of  silver.  In  the  large  anode  type  the  porous  cup  prevents  the  anode 
solution  from  diflFusing  rapidlj^  and  the  silver  at  the  bottom  of  the 
cup  breaks  up  the  troublesome  ion.  This  secondary  chemical  reaction, 
I  believe,  is  the  reason  why  the  anode  is  always  covered  by  a  layer  of 
finely  divided  silver — the  "anode  dust" — the  anode  itself  acting,  to  a 
certain  extent,  chemically  on  the  ion  produced  by  electrolj'^sis.     The 

«  Rodger  and  Watson:  Phil.  Trans.,  180,  p.  631;  1895. 

&  Richards  suggests  AgjO.    See  also  the  theoretical  discussion  between  Revay  and 
Kusterand  von  Stein wehr:  ZS.  f.  Electroch.,  4,  pp.  313,  451;  1898. 
<jSu1c:  Z8.  f.  anorg.  Chem.,  12,  p.  90;  1896. 
<? Mulder  and  Heringa:  Verh.  Kon.  Ak.  Wet.,  8,  p.  37;  1896. 
^Richards  and  Heimrod:  loc.  cit.,  p.  431. 
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large  anode  type  will  therefore  give  as  good  results  as  the  Richards 
type  and  is  more  convenient  to  use.  . 

The  above  considerations  led  -the  author  to  the  construction  of  a 
modified  Richards  voltameter.  Instead  of  removing  the  liquid  from 
the  bottom,  some  of  the  silver  crystals  deposited  by  previous  runs 
were  placed  in  the  bottom  of  t)ie  cup  and  the  liquid  was  left  undis- 
turbed during  the  experiments.  At  first  some  inconvenience  was 
experienced,  due  to  the  rapid  growth  of  the  silver  toward  the  anode 
and  consequent  sudden  changes  in  the  resistance  of  the  voltameter, 
which  prevented  the  proper  adjustment  of  the  current  to  a  constant 
value.  But  this  trouble  was  overcome  entirely  by  surrounding  the 
lower  part  of  the  porous  cup  by  a  small  glass  cup  cut  from  a  test  tube 
or  a  small  beaker.  The  excellent  agreement  with  Richards's  form  (see 
Table  8)  shows  that  also  this  modification  will  give  the  correct  silver 
equivalent. 

It  is  therefore  proposed  to  abandon  in  future  experiments,  especially 
for  the  absolute  measurement  of  current,  the  usual  form  of  the  silver 
voltameter  and  employ  either  Richards's  type  or  one  of  those  proposed 
by  the  author.  The  diflFerences  in  the  weight  of  silver  obtained  by 
two  of  these  voltameters  in  series  show  much  smaller  variations  than 
those  by  the  old  form,  and,  as  will  be  seen  in  the  following,  determi- 
nations made  by  means  of  independent  experiments  agree  very  closely. 

Silver  Nitrate  Solution — Deposit  on  Platinum  and  on  Silver. 

It  has  been  shown  by  Kahle  that  an  old  solution  will  yield  too  heavy 
deposits,  its  eflFect  increasing  as  more  and  more  silver  is  electrolysed. 
The  Reichsanstalt  advises,  therefore,  to  use  the  solution  only  until  3 
grams  of  silver  are  deposited  from  100  cm'  of  solution.  It  seemed  to 
be  of  interest  to  see  whether  in  the  Richards  form  the  solution  outside 
of  the  porous  cup  could  be  used  repeatedly.  Eight  grams  of  silver  were 
deposited  by  two  runs  from  the  same  solution,  amounting  to  about 
150  cm',  and  the  solution  left  standing  for  several  weeks.  In  the 
experiments  following  two  Richards  voltameters  were  placed  in  series, 
one  with  a  fresh  solution,  one  with  this  old  solution.  The  latter  gave  on 
the  average  0.056  per  cent  more  silver.  Now,  it  was  thought  that  it 
might  be  possible  to  obtain  a  good  solution  by  leaving  it  in  contact 
with  silver  crystals.  After  several  weeks  more  this  solution  was 
tried  again  and  gave  on  the  average  0.025  per  cent  heavier  deposits 
than  the  Richards  form.  While  an  improvement  is  to  be  observed,  it 
is  clear  that  keeping  the  solution  simply  in  contact  with  silver  will 
not  entirely  eliminate  the  complex  ion.  It  is  therefore  advisable  to 
use  always  freshly  prepared  silver  nitrate  solution.     Variations  in 
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concentration  have  been  shown  by  former  investigators  to  be  of  no 
influence  upon  the  weight  of  the  deposit.  In  our  case  the  electrolyte 
was  always  a  20  per  cent  solution. 

Gore''  and  Kahle  found  a  somewhat  larger  deposit  when  the  kathode 
was  used  a  second  time  before  removing  the  silver  collected  in  a  pre- 
vious run;  and  Richards  and  Heimrod  corroborate  their  statement  so 
far  as  the  filter-paper  voltameter  is  concerned,  but  found  no  difference 
with  the  porous-cup  voltameter.  Patterson  and  Guthe  obtained  the 
same  deposit  on  pbutinum  and  on  silver.  Table  9  gives  the  results  of 
tests  made  with  this  point  in  view. 

Table  9. 


Current. 

Richards  type. 

TjRrge  anode  type. 

On 
platinum. 

On  silver. 

Differ- 
ence. 

On 
platinum. 

On  silver.    Difference. 

Amperes. 
1.0 
1.0 

3.70837 
4.10461 

3.70850 
4.10449 

Per  cent. 
-h0.003 
-  .003 

3.  70879 
4.10468 

3.70839 
4. 10510 

Per  cent. 
-0.011 
-f  .011 

It  is  apparent  that  it  makes  no  difference  whether  a  clean  platinum 
kathode  is  used  or  whether  the  silver  from  previous  runs  is  left  on  it. 
Of  course  the  deposit  should  not  become  too  heavy,  on  account  of  the 
increasing  danger  of  mother  liquid  remaining  included  in  the  inter- 
stices between  the  crystals. 

The  explanation  for  the  heavier  deposits  on  silver  in  the -filter-paper 
voltameter  is  to  be  sought  in  the  action  of  the  silver  upon  the  anode 
liquid. 

Electro-Chemical  Equivalent  of  Silver. 

In  conclusion,  the  results  are  given  of  experiments  which  were 
suited  for  the  calculation  of  the  electro-chemical  equivalent  of  silver 
in  terms  of  the  electrical  standards  of  the  Bureau.  According  to  legal 
specifications  the  JE,  M,  F.  of  a  Clark  cell  at  15*^  C.  is  1.434  volt^. 
The  unsaturated  Weston  cell  was  found  to  have  an  F  J/.  F  of  1.01954 
volts.  The  resistance  standards  have  been  repeatedly  intercompared 
with  those  of  the  Reichsanstalt. 

In  Table  10  the  amount  of  silver  deposited  by  one  ampere  hour  and 
under  the  condition  that  the  terminal  potential  difference  of  the  resist- 


eOore:  Nature,  27,  p.  327;  1882. 
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ance  was  equal  to  the  E.  M,  F,  of  the  Weston  cell  is  given  for  the 
different  forms. 

Table  10. 


Current. 

Richards 
type. 

Richards 

(modified). 

T^arge  anode 
type. 

Grams, 
4.09888 
4. 09891 

Usual  type. 

Amperes, 
0.5 
0.5 
0.5 
1.0 
1.0 
1.5 

Qrams, 
4.09881 
4.09906 
4. 09870 
4.09881 
4.09896 
4.09897 

Grams, 

Grams, 
4. 10154 
4.10098 

4.09896 

4. 09881       • 

4. 10016 
4.10056 

4.09880 

Average 

4.09888 

4.09888 

4.09888 

4.10081 

0.2 
0.2 
0.2 
0.2 

4.09920 
4.09955 
4. 09959 
4.09993 

4.09942 

4.09952 
4.09985 
4.09962 

It  is  seen  that  the  agreement  between  these  independent  experiments 
is  a  surprisingly  good  one,  the  largest  differences  amounting  to  less 
than  1  in  10,000  in  the  first  three  types,  as  long  as  the  current  is  equal 
or  larger  than  0.5  ampere.  For  0.2  ampere  the  deposits  are  invariably 
greater.  This  is  not  surprising.  The  current  in  these  cases  was  closed 
five  hours,  and  in  spite  of  all  precautions  some  of  the  anode  liquid 
probably  diffuses  through  the  porous  cup  during  that  time.  This 
explanation  seems  the  more  plausible  from  the  results  obtained  in  the 
Richards  form  with  0.2  ampere.  In  the  first  experiment  of  the  four 
the  anode  liquid  was  removed  every  ten  minutes,  in  the  next  two  every 
fifteen  to  twenty  minutes,  and  in  the  last  every  half  hour.  The  increase 
of  the  weight  of  the  deposit  with  the  opportunity  of  the  liquid  to 
penetrate  the  porous  partition  is  apparent.  The  current  should  there- 
fore be  closed  not  longer  than  two  hours,  this  of  course  depending  to 
a  certain  extent  upon  the  grain  of  the  porous  cup. 

To  obtain  the  electrochemical  equivalent  of  silver  we  have  to  divide 
the  deposit,  4.09888  grams,  by  1.01954  X  3,600.  This  gives  1.11675  mg 
per  coulomb;  but  the  silver  was  weighed  with  platinum  weights,  and 
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therefore  a  correction  of  +0.0069  per  cent  should  be  applied  for  the 
buoyancy  of  air.     Thus  the  final  result  for  the  silver  equivalent  is 

1.11683  mg  per  coulomb. 

With  a  filter-paper  voltameter  the  corresponding  results  would  be 
0.048  per  cent  higher,  or  1.11736  mg.  E[ahle's  comparison  between 
the  E.  M.  F.  of  the  Clark  cell  and  the  electrochemical  equivalent  of 
silver  reduced  to  the  same  value  for  the  E,  M.  F,  of  the  Clark  cell 
would  give  1.11726  mg. 

In  the  following  table  we  find  a  comparison  of  the  values  obtained 
by  different  observers,  all  being  reduced  to  the  same  units.  In  the 
case  of  Perot  and  Fabty,^  who  used  a  Clark  cell  at  0^  C.  and  found 
its  E,  M.  F,  ijo  be  1.4522  volts,  using  1.118  mg  as  the  electrochemical 
equivalent,  the  difference  of  0.0164  volt,  given  by  the  Reichsanstalt, 
has  been  used  to  reduce  to  15^  C,  instead  of  the  ratio  given  by  them. 
If  the  latter  is  used  their  results  are  identical  with  von  Ettinghausen's. 

Table  11. 


Name. 

Year. 

Filter-paper 
voltameter. 

Porou8-cup 
voltameter. 

•  Oarhart 

1882 
1884 
1884 
1892 
1898 
1898 
1904 

mg 
1. 1172 
1.1183 
1. 1180 

• 

1. 11831 
1. 1193 
1. 11726 
1. 11736 

mg 
1. 1167 
1. 1179 
1.1175 
1. 11778 
1.1188 
1. 11673 
1.11683 

Rayleigh  and  Sidgwick 

Von  Ettinehausen 

Glazebrook  and  Skinner 

Perot  and  Fabry 

Kahle 

Guthe 

The  large  differences  in  these  results  can  hardly  all  be  due  to 
the  silver  voltameter  alone.  No  doubt  the  Clark  cell  comes  in  for 
its  share.  Carhart's  value  is  based  on  only  two  comparisons,  with 
very  small  silver  deposits,  and  Rayleigh's  is  the  result  of  only  one 
experiment. 

Richards  has  made  an  attempt  to  reduce  the  absolute  measurements 
of  an  electric  current  to  the  same  basis  by  calculating  the  electro- 
chemical equivalent  under  the  supposition  that  the  porous  cup  vol- 
tameter had  been  used,  and  finds  good  agreement  between  the  results 

« Perot  and  Fabry:  Annal.  de  fac.  de  sci.,  Marseille,  8,  p.  201;  1898. 
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of  Lord  Rayleigh  and  Mrs.  Sidgwick,  Fr.  and  W.  Kohlrausch,  Kahle, 
and  Patterson  and  Guthe.  They  all  agree  within  3  in  10,000  and 
give  the  mean  value  of  1.1175  mg. 

Since  that  time  two  more  absolute  determinations  have  been  made. 
The  recent  one  by  van  Dijk  and  Kunst  using  the  filter  paper  vol- 
tameter gives  1.1182  (or  1.1177)  mg  for  the  silver  equivalent;  but 
Pellat  and  Luduc  obtained  1.1195  mg,  or,  reduced  to  the  same  basis, 
1.1188  mg.  Thus,  the  latest  determinations  of  the  electrochemical 
equivalent  still  show  a  difference  larger  than  1  in  1,000. 


THE  SO-CALLED  INTERNATIONAL  ELECTRICAL  UNITS." 


By  Frank  A.  Wolff. 


As  one  of  the  most  important  questions  likely  to  be  considered  by 
the  St.  Louis  International  Electrical  Congress  will  be  that  of  redefin- 
ing the  fundamental  electrical  units,  it  may  therefore  not  be  out  of 
place  to  briefly  review  the  efforts  which  have  thus  far  been  made  to 
bring  about  international  uniformity. 

The  need  of  a  definite  and  universal  system  of  electrical  units  was 
early  recognized,  and  became  a  necessity  as  soon  as  industrial  applica- 
tions of  electricity  were  made.  At  first  the  principal  measurements 
were  those  of  resistance  (line  resistance,  insulation  resistance,  measure- 
ments for  the  location  of  faults,  etc.).  These  were  expressed  in  terms 
of  some  entirely  arbitrary  standard,  such  as  the  resistance  of  a  given 
length  of  an  iron  or  copper  wire  of  given  cross  section.  This  natu- 
rally led  to  a  great  multiplicity  of  units,  none  of  which  ever  gained 
general  acceptance. 

In  1848  Jacobi  pointed  out  that  it  would  be  more  satisfactory  to 
adopt  as  a  universal  standard  the  resistance  of  a  certain  piece  of  wire, 
copies  having  the  same  resistance  being  easily  constructed.  Jacobi 
carried  this  suggestion  into  practice  by  sending  copies  of  his  standard, 
since  known  as  '' Jacobi's  Etalon,"  to  the  leading  physicists  of  that 
period. 

In  1860  Werner  von  Siemens  proposed  as  a  standard  of  resistance 
the  resistance,  at  0^  C,  of  a  column  of  mercury  of  a  Gniform  cross- 
section  of  1  square  millimeter  and  1  meter  in  length. 

In  1861  a  committee  composed  of  the  most  eminent  English  physi- 
cists was  appointed  by  the  British  Association  to  consider  the  question 
of  standards  of  electrical  resistance.  The  leading  foreign  physicists 
were  invited  to  offer  suggestions,  and  various  special  investigations 
of  the  problems  with  which  the  committee  was  confronted  were 
undertaken  by  its  members. 

<i  A  paper  presented  at  the  International  Electrical  Oongrese,  St.  Louis,  1904. 
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It  was  decided  that  the  unit  of  resistance  should  be  defined  in  terms- 
of  the  Grauss- Weber  absolute  system  of  electromagnetic  units,  which 
had  already  received  such  well  merited  recognition;  but  since  this  unit 
was  inconveniently  small  it  was  decided  to  define  the  practical  unit  a» 
an  integral  decimal  multiple  of  the  same. 

The  value  of  the  unit  depends  upon  the  units  of  length,  mass,  and 
time  adopted  as  the  basis  of  the  system.  Those  chosen  by  Gauss  and 
Weber  were  the  millimeter,  milligram,  and  second.  In  England 
efforts  were  being  made  to  establish  an  absolute  system  for  the  defini- 
tion of  all  physical  units,  for  which  the  fundamental  units  of  Weber 
were  of  inconvenient  magnitude,  and  for  which  the  centimeter,  gram, 
and  second  were  finally  adopted  (the  c.  g.  s.  system). 

The  practical  unit  of  resistance  in  this  system  was  defined  as  10*' 
c.  g.  s.  electromagnetic  units,  and  whUe  this  definition  fixes  the  unit 
theoretically,  it  can  only  be  applied  in  practice  by  the  measurement  of 
some  particular  resistance^  in  absolute  measure.  This  requires  the 
construction  of  especially  designed  apparatus,  with  which  measure- 
ments lying  within  a  very  limited  range  may  be  made;  the  determina- 
tion of  its  instrumental  constants  most  frequently  involving  tedious 
mathematical  approximations,  and  the  elimination  of  errors  of  obser- 
vation. With  all  possible  precautions  the  errors  of  such  methods 
exceed,  even  to-day,  a  hundredfold  the  relative  errors  in  resistance- 
comparisons. 

Investigations  were  therefore  made  to  determine  whether  the  abso- 
lute unit  of  resistance  could  be  accurately  defined  in  terms  of  the 
resistance  of  a  definite  portion  of  a  definite  substance.  The  electrical 
properties  of  alloys  and  pure  metals  in  the  solid  and  liquid  states- 
were  studied  with  this  end  in  view.  On  account  of  the  excessive  influ- 
ence, on  the  resistance,  of  even  small  quantities  of  impurities  in  metala 
of  the  highest  obtainable  purity,  and  of  small  variations  in  the  com- 
positions of  alloys,  the  choice  was  greatly  limited.  It  was  found,  in 
addition,  that  solid  metals  had  to  be  rejected  on  account  of  the  marked 
influenced  of  physical  changes  produced  by  annealing,  hardening, 
drawing,  bending,  etc. 

Mercury,  already  recommended  by  Siemens,  was  therefore  the  only 
material  to  be  further  considered,  but  was  also  rejected  for  two  rea- 
sons, viz,  the  large  differences  found  to  exist  between  coils  supposedly 
adjusted  to  different  German  mercurial  standards,  and  differences 
between  a  number  of  mercurial  standards  constructed  by  members  of 
the  committee. 

The  committee  therefore  recommended  the  alternative  method  of; 
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constructing  material  standards  adjusted  with  reference  to  the  absolute 
unit.  In  this  connection  a  special  form  of  resistance  standard  known 
as  the  B.  A.  type  was  designed,  and  after  an  investigation  of  the  con- 
stancy of  a  number  of  new  alloys  in  addition  to  many  already  in  use, 
one  containing  two  parts  by  weight  of  silver  to  one  part  by  weight  of 
platinum  was  finally  selected  as  best  meeting  all  requirements. 

In  1863  and  1864  the  values  of  certain  coils  were  determined  in 
absolute  units  by  one  of  the  methods  proposed  by  Weber,  and  from 
these  measurements  the  B.  A.  unit  was  derived.  A' number  of  copies 
were  issued,  gratis,  by  the  association,  and  in  addition  arrangements 
were  made  for  supplying  others  at  a  moderate  price.  The  B.  A.  unit 
soon  gained  general  acceptance  in  the  English-speaking  countries, 
while  the  Siemens  unit  still  retained  its  supremacy  on  the  Continent. 

No  action  was  at  that  time  taken  by  the  British  association  com- 
mittee to  define  the  units  of  current  and  electromotive  force  further 
than  in  terms  of  the  c.  g.  s.  system.  The  currents  to  be  measured 
were  all  relatively  small,  and  were  usually  measured  by  means  of  a 
tangent  galvanometer  with  a  suflBcient  accuracy.  Electromotive 
forces  were  seldom  measured,  and  then  usually  in  terms  of  the  Daniell 
cell.  In  1872  Latimer  Clark  brought  to  the  attention  of  the  commit- 
tee the  superiority  of  the  cell  which  now  bears  his  name,  recommend- 
ing it  as  a  suitable  standard  of  electromotive  force,  but  no  definite 
action  was  taken  by  the  conunittee. 

In  1878  it  was  shown  by  Prof.  H.  A.  Rowland  that  the  B.  A.  unit 
was  in  error  by  more  than  1  per  cent,  and  soon  after  the  existence  of 
a  discrepancy  of  this  magnitude  was  verified  by  a  number  of  other 
investigators. 

In  1881  a  call  was  issued  by  the  French  Government  for  an  Interna- 
tional Electrical  Congress,  to  be  held  in  connection  with  the  first 
International  Electrical  Exposition  at  Paris,  for  the  purpose  of  adopt- 
ing definitions  of  the  electrical  units  which  might  serve  as  a  basis  for 
legislative  enactments.  In  the  meantime  a  number  of  mercurial 
standards  had  been  constructed  and  had  been  found  to  be  in  satisfac- 
tory agreement;  moreover,  the  results  of  most  of  the  absolute  deter- 
minations had  been  referred  either  directly  or  indirectly  to  the  Siemens 
unit. 

The  Paris  Congress,  therefore,  recommended  that  the  practical 
electrical  units  be  defined  in  terms  of  the  units  of  the  c.  g.  s.  system 
of  electromagnetic  units,  and  that  the  unit  of  resistance  be  represented 
by  a  column  of  mercury  1  square  millimeter  in  cross  section,  at  the 
temperature  of  0^  C,  of  a  length  to  be  determined  by  an  international 
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commission  appointed  for  this  purpose,  as  appears  in  the  following 
resolutions: 

RESOLUTIONS  OF  THE  INTERNATIONAL  CONGRESS  OF  ELECTRICIANS, 

PARIS,  1881. 

(1)  That  the  c.  g.  s.  system  of  electromagnetic  units  be  adopted  as  the  fundamental 
units. 

(2)  That  the  practical  units,  the  ohm  and  the  volt,  preserve  their  previous  defini- 
tions, 10*  and  10^  c.  g.  s.,  units,  respectively. 

(3)  That  the  unit  of  resistance,  the  ohm,  be  represented  by  a  column  of  mercury 
1  square  millimeter  in  cross  section  at  the  temperature  of  0°  C. 

(4)  That  an  international  commission  be  charged  with  the  determination,  by  new 
experiments,  of  the  length  of  the  mercury  column  1  square  millimeter  in  cross  sec- 
tion, at  a  temperature  of  0°  C,  representing  the  ohm. 

(5)  That  the  current  produced  by  a  volt  in  the  ohm  be  called  an  ampere. 

(6)  That  the  quantity  of  electricity  produced  by  a  current  of  1  ampere  in  one  sec- 
ond be  called  a  coulomb. 

(7)  That  the  unit  of  capacity  be  called  a  farad,  which  is  defined  by  the  condition 
that  a  coulomb  in  a  farad  raises  the  potential  1  volt. 

The  Congress'*  also  recommended  the  employment  of  the  carcel  as 
the  standard  for  photometric  comparisons. 

The  international  commission,  appointed  in  accordance  with  para- 
graph 4  of  the  resolutions  of  the  Paris  Congress  of  1881,  met  at  Paris 
in  1882,  but  definite  action  was  deferred  until  two  years  later,  when 
the  following  definitions  were  unanimously  recommended: 

The  legal  ohm  is  the  resistance  of  a  column  of  mercury  1  square  millimeter  in  cross 
section  and  106  centimeters  in  length,  at  the  temperature  of  melting  ice. 

The  ampere  is  equal  to  one-tenth  of  a  c.  g.  s.  unit  of  the  electro-magnetic  system. 

The  volt  is  the  electro-motive  force  which  will  maintain  a  current  of  1  ampere  in  a 
conductor  of  which  the  resistance  is  a  legal  ohm. 

The  value  adopted  for  the  length  of  the  mercurial  column  was  taken 
as  106  centimeters,  notwithstanding  that  most  of  the  best  results  were 
very  close  to  106.3;  as  it  was  thought  advisable  to  adopt  a  value 
known  to  be  true  to  the  nearest  centimeter  for  a  period  of  ten  years. 
On  account  of  this  uncertainty,  no  steps  were  actually  undertaken  by 
the  various  governments  represented. 

The  conference  also  adopted  as  the  unit  of  light  of  any  color  the 
quantity  of  such  light  emitted  in  a  perpendicular  direction  by  1  square 
centimeter  of  molten  platinum  at  the  temperature  of  solidification; 
and  as  the  practical  unit  of  white  light  the  total  quantity  of  light 
emitted  perpendicularh'  by  the  same  source. 

oFor  the  sake  of  completeness,  the  recommendations  of  the  various  international 
electrical  congresses  on  photometric  standards  are  included  in  the  summary. 
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In  1889  a  second  international  congress  of  electricians  was  held  at 
Paris,  by  which  the  following  definitions  were  adopted: 

The  jotile,  the  practical  unit  of  energy,  is  equal  to  10^  c.  g.  s.  units.  It  is  equal  to 
the  energy  disengaged  as  heat  in  one  second  by  a  current  of  1  ampere  flowing  through 
a  resistance  of  1  ohm. 

The  practical  unit  of  power  is  the  watt.  The  watt  is  equal  to  10^  c.  g.  s.  units,  and 
is  the  power  of  1  joule  per  second. 

The  practical  unit  of  self-inductance  is  the  quadrant,  which  is  equal  to  10*  centi- 
meters. 

The  Congress  recommended  that  the  power  of  machines  be  expressed 
in  kilowatts  instead  of  in  horse-power. 

It  adopted  also,  as  the  photometric  standard,  the  "bougie  decimal," 
defined  as  one-twentieth  of  the  VioUe  platinum  standard  adopted  by 
the  Conference  of  1884. 

The  following  definitions  were  also  adopted: 

The  period  of  an  alternating  current  is  the  duration  of  a  complete  oscillation. 

The  frequency  is  the  number  of  periods  per  second. 

The  mean  intensity  is  defined  as  the  mean  value  of  the  current  during  a  complete 
period,  without  reference  to  its  sign. 

The  effective  intensity  is  the  square  root  of  its  mean-squared  value. 

The  effective  electromotive  force  is  the  square  root  of  its  mean-squared  value. 

The  apparent  resistance  is  the  factor  by  which  the  effective  current  must  be  multi- 
plied to  obtain  the  effective  electromotive  force. 

The  positive  pole  of  a  storage  cell  is  that  which  is  connected  to  the  positive  pole 
of  a  dynamo  in  charging,  and  which  is  the  positive  pole  during  its  discharge. 

In  addition,  the  question  of  defining  and  naming  practical  magnetic 
units  was  discussed.  The  definition  proposed  for  the  unit  of  field 
intensity  was  the  intensity  of  a  uniform  field  which  would  produce  an 
electro-motive  force  of  1  volt  in  a  conductor  1  centimeter  in  length 
normally  cutting  the  lines  of  force  with  a  velocity  of  1  centimeter  per 
second.  The  name  proposed  for  this  unit  was  the  "Gauss;"  and  as 
the  unit  which  is  equal  to  IC  c.  g.  s.  units  does  not  correspond  to  field 
intensities  ordinarily  dealt  with,  the  micro-Gauss  was  suggested  for 
ordinary  use. 

The  Weber,  defined  as  10*  c.  g.  s.  units,  was  proposed  as  the  unit  of 
magnetic  flux. 

No  definite  action  was,  however,  taken  by  the  Congress  on  either  of 
these  units. 

The  increased  aceui-acy  obtainable  by  the  use  of  apparatus  of 
improved  construction,  and  by  refinements  in  the  methods  employed, 
led  to  a  much  closer  agreement  of  the  various  redeterminations  of  the 
absolute  electrical  units,  and  their  relation  to  the  Siemens  unit,  the 
Clark  cell,  and  the  electro-chemical  equivalent  of  silver  in  terms  of 
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which  many  measurements  were  made.  The  rapid  development  of 
the' electrical  industries  also  called  for  a  redefinition  of  the  units  and 
the  legalization  of  such  definitions. 

In  December,  1890,  a  committee  was  appointed  by  the  English 
Board  of  Trade  to  consider  what  action  should  be  taken  by  the  Board 
with  a  view  to  causing  new  denominations  of  standards  for  the  meas- 
urements of  electricity  for  use  for  trade  to  be  made  and  duly  verified. 
The  members  of  this  conmaittee  consisted  of  two  representatives  each 
of  the  Board  of  Trade,  the  General  Post-Office,  the  Royal  Society,  the 
British  Association,  and  the  Institute  of  Electrical  Engineers. 

A  set  of  resolutions  embodying  the  proposals  which  appeared  to  be 
desirable  were  drafted,  and  copies  of  the  same  were  submitted  to  the 
various  interests  for  criticism.  These  resolutions  also  embodied  pro- 
posals for  standards  of  resistance,  current,  and  electromotive  force. 

In  1891  a  committee  was  appointed  by  the  American  Institute  of 
Electrical  Engineers  to  report  on  units  and  standards.  The  report  of 
the  committee,  made  in  June,  1891,  which  deals  mainly  with  magnetic 
units,  is  as  follows: 

Your  committee,  considering  that  authorized  and  recognized  names  for  four 
practical  electromagnetic  units,  at  present  unentitled,  are  needed  by  electrical 
engineers  in  this  as  well  as  in  other  countries,  for  dealing  conveniently  with  mag- 
netic circuits  in  analysis,  discussion,  and  design,  i^ecommends  to  the  Institute  the 
four  units  as  appended  in  detail,  of  magnetomotive  force,  reluctance,  flux,  and  flux- 
density,  in  the  hope  that  if  favorably  considered,  the  Institute  may  further  the 
endeavors  of  the  next  International  Electrical  Congress  toward  securing  for  them 
universally  recognized  titles. 

First  Magnetomotive  force;  or  difference  of  magnetic  potential. 

Simple  definition. — ^The  analogue  in  a  magnetic  circuit  of  voltage  in  an  electric 
circuit. 

Strict  definition. — ^The  magnetomotive  force  in  a  magnetic  circuit  is  Aic  multiplied 
by  the  flow  of  current  Jinked  with  that  circuit 

The  magnetomotive  force  between  two  points  connected  by  a  line  is  the  line 
integral  of  magnetic  force  along  that  line.  Difference  of  magnetic  potential  consti- 
tutes magnetomotive  force. 

Electromagnetic  dimensional  formula,  L^M^T    . 

The  absolute  unit  of  m.  m.  f.  is  ~  X  unit  current  of  one  turn. 

The  practical  unit  is  ^  X  ampere  of  one  turn,  or  one-tenth  of  the  absolute  unit — 

i.  e.,  0,0796  ampere-turns  give  the  unit  The  prefix  kilo  would  perhaps  be  occa- 
sionally used  for  practical  applications. 

Second.  Magnetic  flux. 

Simple  definition. — Total  number  of  lines  of  force  or  total  field. 

Strict  definition. — The  magnetic  flux  through  a  surface  bounded  by  a  closed  curve 
is  the  surface  integral  of  magnetic  induction  taken  over  the  bounded  sur&ce,  and 
when  produced  by  a  current  is  also  equal  to  the  line  integral  of  the  vector  potential 
of  the  current  taken  around  the  boundary. 
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The  uniform  and  unit  time  rate  of  chauge  in  flux  through  a  closed  magnetic  circuit 
establishes  unit  electromotive  force  in  the  circuit. 

Electromagnetic  dimensional  formula,  L^M^T.    . 
The  absolute  unit  is  1  c.  g.  s.  line  of  induction. 
The  practical  unit  is  10^  c.  g.  s.  lines. 

Fluxes  range  in  present  practical  work  from  100  to  100,000,000  c.  g.  s.  lines,  and 
the  working  units  would  perhaps  prefix  milli-  and  micro-. 
Third.  Magnetic  intensityy  or  induction  density. 
Simple  definition. — Flux  per  square  centimeter. 
Strict  definition. — ^The  induction  density  at  a  point  within  an  element  of  surface  is 

the  surface  differential  of  the  flux  at  that  point. 

1    1-1 
Electromagnetic  dimensional  formula,  L^M^T  . 

Absolute  unit,  1  c.  g.  s.  line  per  square  centimeter. 

Practical  unit,  10*  c.  g.  s.  lines  per  square  centimeter. 

In  practice,  excluding  the  earth's  field,  intensities  range  from  100  to  20,000  lines 
per  square  centimeter,  and  the  working  unit  would  perhaps  have  the  prefix  milli-  or 
micro-. 

Fourth.  Ma^nelic  rduciance. 

Definition. — Unit  reluctance  in  a  magnetic  circuit  permits  unit  magnetic  flux  to 
traverse  it  under  the  action  of  unit  magnetomotive  force. 

Dimensional  formula,  i"*  }PT^, 

The  practical  unit  is  10^  the  absolute  unit. 

Reluctances  vary  in  present  practical  work  from  100,000  to  100,000,000  of  these 
practical  units,  so  that  the  working  unit  would  perhaps  employ  the  prefix  mega-. 

There  were  considerable  differences  of  opinion  manifested  in  the 
discussion  following  the  presentation  of  the  report,  and  definite  action 
thereon  was  postponed. 

At  the  Frankfort  International  Electrical  Congress,  in  September, 
1891,  the  question  of  naming  and  defining  the  magnetic  units  was 
brought  up.  The  names  Gauss  and  Weber,  for  field  intensity  and  flux, 
respectively  appeared  to  meet  with  general  approval,  but  there  was 
considerable  disagreement  as  to  what  their  numerical  values  should  be, 
10*  being  apparently  preferred  for  both. 

Owing  to  the  limited  time  allowed  for  consideration,  no  definite 
action  was  taken. 

In  connection  with  the  British  Association  meeting  in  Edinburgh, 
in  1892,  a  conference  was  held,  attended  by  Helmholtz,  GuiUaume, 
Carhai*t,  and  others,  to  discuss  the  Board  of  Trade  report  which  was 
submitted  at  the  meeting.  It  was  resolved  to  adopt  for  the  length  of 
the  mercurial  column  106.3  centimeters  and  to  express  the  mass  of  the 
column  of  constant  cross-section  instead  of  the  cross-sectional  area  of 
1  square  millimeter.  Final  action  was  deferred  to  await  the  decision 
of  the  Chicago  International  Electrical  Congress,  arrangements  for 
which  had  then  been  made. 

This  Congress,  to  which  the  various  governments  were  invited  to 
send  delegates,  met  in   1893.     The  Governments  represented  were 
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United  States,  Great  Britain,  France,  Italy,  Germany,  Mexico, 
Austria,  Switzerland,  Sweden,  and  British  North  America.  Professor 
von  Helmholtz  was  made  honorary  president  of  the  Congress,  and 
Prof.  H.  A.  Rowland  president  of  the  Chamber  of  Delegates,  com- 
posed of  the  official  delegates  of  the  varipus  Governments  represented. 
After  six  days'  deliberation  the  following  resolutions  were  adopted: 

RESOLUTIONS  OF  THE  INTERNATIONAL  ELECTRICAL  CONGRESS, 

CHICAGO,  1S93. 

Resolvedj  That  the  several  Grovemments  represented  by  the  delegates  of  this  Inter- 
national Congress  of  Electricians  be,  and  they  are  hereby,  recommended  to  formally 
adopt  as  legal  units  of  electrical  measure  the  following: 
As  a  unit  of  resistance,  the  irUemcUional  ohmy  which  is  based  upon  the  ohm  equal 

to  10*  units  of  resistance  of  the  c.  g.  s.  system  of  electro  magnetic 
units,  and  is  represented  by  the  resistance  offered  to  an  unvary- 
ing electric  current  by  a  column  of  mercury  at  the  temperature  of  melting  ice, 
14.4521  grammes  in  mass,  of  a  constant  cross-sectional  area  and  of  the  length  of 
106.3  centimeters. 
As  a  unit  of  current,  the  irUemcUional  ampere^  which  is  one-tenth  of  the  unit  of  cur- 
rent of  the  c.  g.  s.  system  of  electromagnetic  units,  and  which  is 
represented  sufficiently  well  for  practical  use  by  the  unvarying 
current  which,  when  passed  through  a  solution  of  nitrate  of  silver  in  water,  and  in 
accordance  with  accompanying  specifications,  deposits  silver  at  the  rate  of  O.OOlllS 
of  a  gramme  per  second. 
As  a  unit  of  electromotive  force,  the  intemaiional  voUt  which  is  the  electromotive 

force  that,  steadily  applied  to  a  conductor  whose  resistance  is  1 

international  ohm,  will  produce  a  current  of  1  international 

ampere,  and  which  is  represented  sufficiently  well  for  practical  use  by  }JJ J  of  the 

electromotive  force  between  the  poles  or  electrodes  of  the  voltaic  cell  known  as 

Clark's  cell,  at  a  temperature  of  15^  C,  and  prepared  in  the  manner  described  in 

the  accompanying  specifications. 

As  a  unit  of  quantity,  the  international  coulomb^  which  is  the  quantity  of  elec- 

,,    .     .  tricitv  transferred  by  a  current  of  1  international  ampere  in  one 

Coalonb.  ", 

second. 
As  a  unit  of  capacity,  the  international  farady  which  is  the  capacity  of  a  condenser 

charged  to  a  potential  of  1  international  volt  by  1  international 

coulomb  of  electricity. 
As  a  unit  of  work,  the  joul€f  which  is  equal  to  10^  units  of  work  in  the  c.  g.  s. 

system  and  which  is  represented  sufficiently  well  for  practical 

use  by  the  energy  expended  in  one  second  by  an  international 
ampere  in  an  international  ohm. 
As  a  unit  of  power,  the  tmtt,  which  is  equal  to  10^  units  of  power  in  the  c.  g.  s. 

system,  and  which  is  represented  sufficiently  well  for  practical 

use  by  work  done  at  the  rate  of  1  joule  per  second. 
As  the  unit  of  induction,  the  henry^  which  is  the  induction  in  a  circuit  when  the 

electro-motive  force  induced  in  this  circuit  is  1  international  volt, 

while  the  inducing  current  varies  at  the  rate  of  1  ampere  per 

second. 
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Specifications. 

In  the  following  specifications  the  term  silver  voltameter  means  the 
arrangement  of  apparatus  by  means  of  which  an  electric  current  is 
passed  through  a  solution  of  nitrate  of  silver  in  water.  The  silver 
voltameter  measures  the  total  electrical  quantity  which  has  passed 
during  the  time  of  the  experiment,  and  by  noting  this  time,  the  time 
average  of  the  current,  or  if  the  current  has  been  kept  constant,  the 
current  itself  can  be  deduced. 

In  employing  the  silver  voltameter  to  measure  currents  of  about  1 
ampere,  the  following  arrangements  should  be  adopted : 

The  kathode  on  which  the  silver  is  to  be  deposited  should  take  the 
form  of  a  platinum  bowl  not  less  than  10  cm  in  diameter  and  from  4 
to  5  cm  in  depth. 

The  anode  should  be  a  plate  of  pure  silver  some  30  cm*  in  area  and 
2  or  3  mm  in  thickness. 

This  is  supported  horizontally  in  the  liquid  near  the  top  of  the  solu- 
tion by  a  platinum  wire  passed  through  holes  in  the  plate  at  opposite 
comers.  To  prevent  the  disintegrated  silver  which  is  formed  on  the 
anode  from  falling  onto  the  kathode,  the  anode  should  be  wrapped 
round  with  pure  filter  paper,  secured  at  the  back  with  sealing  wax. 

The  liquid  should  consist  of  a  neutral  solution  of  pure  silver  nitrate, 
containing  about  15  parts  by  weight  of  the  nitrate  to  85  parts  of  water. 

The  resistance  of  the  voltameter  changes  somewhat  as  the  current 
passes.  To  prevent  these  changes  having  too  great  an  effect  on  the 
cuiTent,  some  resistance  besides  that  of  the  voltameter  should  be 
inserted  in  the  circuit.  The  total  metallic  resistance  of  the  circuit 
should  not  be  less  than  10  ohms. 

SPECIFICATIONS   FOR  THE   CLARK   CELL. 

A  committee,  consisting  of  Messrs.  von  Helmholtz,  Ayrton,  and 

Carhart,  was  appointed  to  prepare  specifications  for  the  Clark  cell. 

(Owing  to  the  death  of  Von  Helmholtz  no  report  was  ever  made  by 

this  committee.) 

A  motion  was  made  and  carried  that  for  magnetic  units  the  c.  g.  s. 

system  be  commended,  and  that  for  the  present  no 
names  be  given  to  these  units. 
^^Pheto«etric  .und-       ^  resolution  was  adopted  as  follows: 

Resolved f  That  this  committee  while  recognizing  the  great  progress  realized  in  the 
standard  lamp  of  Von  Heffner-Alteneck  and  the  very  important  researclies  made  at 
the  Reichsanstalt,  also  recognizes  that  other  standards  have  been  proposed  and  are 
now  being  tried,  and  that  there  are  serious  objections  to  every  kind  of  standard  in 
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which  an  open  fiame  is  employed.  It  is,  therefore,  unable  to  recommend  the  adop- 
tion at  the  present  time  of  either  the  Von  Heffner  lamp  or  the  pentane  lamp,  but 
recommends  that  all  nations  be  invited  to  make  researches  in  common  on  well- 
defined  practical  standards  and  on  the  convenient  realization  of  the  absolute  unit. 

In  March,  1900,  the  following  resolution  was  adopted  by  the  Ameri- 
can Institute  of  Electrical  Engineers: 

Movedf  That  the  committee  on  units  and  standards  be  requested  to  investigate  and 
report  at  the  ensuing  meeting  in  regard  to  the  advisability  of  the  following: 

1.  The  giving  of  names  to  the  absolute  units  of  the  electrostatic  and  electro- 
magnetic systems. 

2.  The  denotations,  by  means  of  prefixes,  of  multiples  of  such  units. 

3.  The  rationalization  of  the  present  system  by  means  of  taking  the  absolute  unit 
of  magnetism  as  equal  to  the  present  magnetic  line,  and  the  absolute  unit  of  differ- 
ence of  magnetic  potential  as  equal  to  the  present  absolute  unit  of  current-turn. 

4.  The  advisability  of  taking  up  any  or  all  of  the  above  matters  at  the  Congress  to 
be  held  in  Paris  this  year. 

In  May,  1900,  the  following  report  of  the  committee  was  adopted 
by  the  Institute: 

1.  We  consider  that  there  is  need  for  names  for  the  absolute  c.  g.  s.  units  in  the 
electrostatic  and  the  electromagnetic  systems;  also  for  suitable  prefixes  to  denote 
decimal  multiples  and  submultiples  of  these  unit43  in  supplement  and  addition  to 
those  already  in  common  use. 

2.  That  the  International  Electrical  Congress  convening  this  year  at  Paris  should 
be  urged  to  bestow  the  above-mentioned  names  and  create  said  decimal  prefixes. 

3.  That  much  advantage  would  accrue  to  a  universal  "rationalization"  of  electric 
and  magnetic  units,  and  that  the  Congress  be  requested  to  consider  the  means  and 
advisability  of  such  *' rationalization." 

4.  That  we  recommend  that  the  whole  subject  should  be  brought  up  as  a  topic  for 
general  discussion  at  the  approaching  general  meeting  of  the  Institute  in  Phila- 
delphia. 

(Signed)  F.  B.  Crocker. 

W.  E.  Geyer. 
G.  A.  Hamilton. 
W.  D.  Weaver. 
A.  E.  Kennelly,  Chairman, 

Paris  Congress,  1900. 

The  last  official  Congress  was  held  at  Paris  in  August,  1900. 
A  committee  of  Section  1,  to  consider  questions  in  reference  to  the 
units,  reported  as  follows: 

The  committee  wil)  only  take  into  consideration  propositions  not  involving  modi- 
fications of  the  decisions  of  previous  congresses. 

The  committee  believes  that  there  is  no  actual  need  of  giving  names  to  all  the 
electro-magnetic  units. 

However,  owing  to  the  employment,  in  practice,  of  apparatus  giving  directly  field 
intensities  in  c.  g.  s.  units,  the  committee  recommends  giving  the  name  ** Gauss**  to 
this  c.  g.  s.  unit. 


WOLFF.]  INTERNATIONAL   ELECTRICAL  UNITS.  49 

The  committee  recommends  giving  to  the  unit  of  magnetic  flux,  the  value  of  which 
is  subsequently  to  be  fixed,  the  name  ** Maxwell/' 

The  report  adopted  by  the  Section,  after  a  spirited  discussion,  was 
as  follows: 

1.  The  Section  recommends  giving  the  name  '^Grauss''  to  the  c.  g.  s.  unit  of  mag^ 
netic  field  intensity. 

2.  The  Section  recommends  giving  the  name  "Max weir*  to  the  c.  g.  s.  unit  of 
magnetic  flux. 

These  units  were  given  an  international  character  and  standing  by 
their  adoption  at  the  general  meeting  of  the  official  delegates  of  the 
various  governments,  after  a  stormy  debate. 

The  Legalization  of  the  Electrical  Units  by  the  Various 

Governments. 

Notwithstanding  that  the  resolutions  of  the  Chicago  Congress  were 
adopted  with  practical  unanimity,  and  might,  therefore,  have  been 
considered  as  in  a  sense  binding  on  the  various  governments,  up  to 
this  date  only  six  governments,  United  States,  Great  Britain,  Canada, 
Germany,  Austria,  and  France,  have  legislated  on  this  subject,  and 
only  a  few  of  these  have  acted  strictly  in  accordance  with  the  resolu- 
tions of  the  Chicago  Congress.^ 

Discussion  of  Legislation. 

Strictly  speaking,  no  two  countries  have  defined  the  electrical  units 
in  the  same  way.  This  naturally  suggests  that  there  must  be  good 
and  sufficient  reasons,  which  may  in  part  be  traced  to  the  insufficiency 
of  the  Chicago  definitions. 

(1)  It  is  evident  that  all  three  of  the  units  should  not  be  defined  in 
terms  of  concrete  standards,  connected  as  they  are  by  Ohm's  law  so 
that  only  two  of  the  three  are  independent,  and  hence  the  third  should 
be  defined  in  terms  of  the  other  two. 

(2)  The  two  units  adopted  as  fundamental  should  be  defined  only  in 
terms  of  concrete  standards,  and  not  in  terms  of  the  absolute  units. 

(3)  The  specifications  for  the  silver  voltameter  were  shown  to  be 
inadequate. 

(4)  Redeterminations  of  the  electro-motive  force  of  the  Clark  cell  at 
15°  C.  in  absolute  measure  indicated  that  this  value  was  nearer  1.433 
volts  than  1.434  volts. 

However,  the  variations  introduced  in  the  definitions  by  some  of 
the  governments  lead  to  confusion  and  are  in  violation  of  the  princi- 
ples laid  down  at  the  Chicago  Congress. 

«  For  a  copy  of  the  laws  see  Appendix. 
4825— No.  1—04 4 
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THE  UNIT  OF  RESISTANCE. 

Taking  the  fundamental  iinits  up  in  turn,  it  will  be  found  that  the 
unit  of  resistance  legalized  by  the  United  States,  Germany,  France, 
and  Canada,  and  the  definitions  in  the  proposed  Belgian  and  Swiss 
laws,  are  essentially  the  same  as  those  adopted  at  Chicago,  differing 
only  in  that  no  reference  is  made  to  the  unit  of  resistance  being  based 
on  10*  c.  g.  s.  units  in  case  of  the  German  and  French  laws  and  in  the 
proposed  Swiss  and  Belgian  laws.  In  fact,  it  must  be  admitted  that 
this  statement  may  be  regarded  as  superfluous. 

In  Austria,  on  the  other  hand,  the  unit  of  resistance  is  defined  as 

10'  c.  g.  s.  imits  of  the  electro-magnetic  system,  which 

^^yhr  practical  purposes  is  to  he  considered  equBl  to  the 

resistance  offered  at  the  temperature  of  melting  ice  by  a  column  of 

mercury  106.3  centimeters  in  length  and  having  a  mass  of  14.4521 

grams."    The  uniformity  of  cross  section  is,  curiously,  not  specified. 

In  England,  finally,  the  ohm  is  defined  both  as  having  the  value  of  10  • 

in  terms  of  the  centimeter  and  the  second  of  time,  and 
as  heing  represented  by  "  the  resistance  offered  to  an 
unvarying  electric  current  by  a  column  of  mercury  at  the  temperature 
of  melting  ice  14.4521  grams  in  mass  of  a  constant  cross-sectional  area 
and  of  a  length  of  106.3  centimeters."  In  addition,  a  distinction  is 
made  between  the  unit  of  resistance  and  the  standard  of  resistance,  and 
for  the  latter  purpose  a  ^mrticular  platinum-silver  coil  preserved  at  the 
Board  of  Trade  Electrical  Standardizing  Laboratory,  in  London,  and 
adjusted  to  represent  the  unit  on  an  assumed  relation  between  the  stand- 
ards of  the  British  Association  and  the  mercurial  unit,  is  legalized. 

It  will  thus  be  seen  that  the  unit  of  resistance  has  been  defined — 

(1)  In  terms  of  the  absolute  c.  g.  s.  unit. 

(2)  In  terms  of  the  mercurial  column. 

(3)  In  terms  of  the  resistance  of  a  particular  coil. 

(4)  In  terms  of  combinations  of  the  above. 

The  objections  to  the  first  method  have  been  recognized  as  long  as 
the  subject  has  been  under  discussion.  For,  while  the  unit  is  theo- 
retically fixed,  resort  must  in  practice  be  had  to  material  standards, 
in  the  absolute  measurement  of  which,  errors  amounting  to  at  least 
0.01  per  cent  are  introduced.  Errors  several  times  as  great  are  even 
met  with  in  different  series  of  observations  with  the  same  apparatus, 
and  the  differences  of  the  results  obtained  by  different  methods  may 
differ  still  more. 

To  overcome  this  objection  a  suggestion  was  made  in  1893,  by  Profs. 
W.  E.  Ayrton  and  A.  V.  Jones,  that  the  unit  of  resistance  be  defined 
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in  terms  of  a  particular  Lorenz  apparatus  preserved  in  a  National 
Physical  Laboratory,  but  even  then  an  uncertainty  of  at  least  0.01  per 
cent  would  remain  if  this  practice  were  adopted  by  a  single  govern- 
ment, whereas  its  general  introduction  would  certainly  introduce 
greater  differences. 

Another  objection  to  this  method  lies  in  the  limited  range  within 
which  accurate  measurements  of  resistance  may  be  made  with  a  given 
apparatus,  so  that  in  practice  the  measurements  would  have  to  be 
referred  to  material  standards  the  constancy  of  which  might  from 
time  to  time  be  checked  to  within  the  above  stated  limit  of  accuracy. 

Notwithstanding  these  objections  we  find  that  a  number  of  govern- 
ments have  defined  the  unit  of  resistance  in  terms  of  the  absolute 
unit,  indicating  that  the  above  principles  are  not  fully  appreciated. 

The  accuracy  with  which  resistance  comparisons  can  be  made  has 
for  a  long  time  far  exceeded  the  above  limits,  and  the  need  of  an 
accurate  standard,  reproducible  at  any  time  and  at  any  place  to  a 
higher  degree  of  accuracy,  has  been  recognized,  as  this  would  enable 
measurements  the  world  over  to  be  expressed  in  terms  of  the  same 
unit — a  result  of  much  greater  importance  than  in  absolute  measure^ 
with  its  limited  accuracy.  In  the  definition  of  the  concrete  standard 
it  is  only  necessary  to  assume  for  it  a  value  in  accordance  with  the 
best  absolute  measurements.  This  once  done  with  a  su£Scient  approx- 
imation, the  definition  of  the  concrete  standard  need  not  be  modified. 

The  meter  was  originally  intended  to  represent  the  io:o^;obo  P^^  ^^ 
the  earth's  quadrant;  but  in  the  actual  construction  errors  of  measure- 
ment were  introduced,  which  will,  however,  not  affect  the  intematiorud 
meter  defined  in  terms  of  a  particular  platinum-iridium  bar,  of  which 
accurate  copies  exist  the  world  over,  and  to  which  all  linear  measure- 
ments are  referred.  In  a  similar  manner,  the  kilogram  was  intended 
to  represent  the  mass  of  a  cubic  decimeter  of  wat^r  at  the  tempera- 
ture of  its  maximum  density;  but  the  international  kilogram  is  the 
mass  of  a  particular  cylinder  of  platinum-iridium,  to  which  all  meas- 
urements of  mass  are  referred. 

It  has,  therefore,  been  generally  recognized  that  reprodnidMlity 
should  be  the  first  requirement  for  any  international  standard,  and 
this  qualification  is  fulfilled  to  an  eminent  degree  by  the  mercurial 
unit,  as  defined  by  the  Chicago  Congress. 

When  this  definition  was  adopted  it  was  generally  assumed  that 
such  mercurial  standards  would  be  constructed  by  the  various  govern- 
ments represented;  but  this  has  been  done  by  only  two — Germany 
and  England — each  of  which  is  provided  with  an  institution  equipped 
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to  undertake  this  task.  The  construction  of  primary  mecurial  stand- 
ards is  also  to  be  undertaken  by  the  Bureau  of  Standards,  more 
recently  organized,  and  no  doubt  by  other  institutions. 

The  mercurial  standards  at  the  Reichsanstalt  agree  with  one  another 
to  within  a  few  parts  in  100,000,  as  do  those  of  the  English  National 
Physical  Laboratory;  and  it  is,  in  addition,  most  gratifying  to  know 
that  the  standards  of  the  two  institutions  agree  with  each  other  almost 
equally  well. 

There  is,  however,  one  criticism  which  might  still  be  made  of  the 
definition  of  the  unit  of  resistance  in  terms  of  the  mercurial  unit. 
Some  form  of  terminal  must  be  applied  to  the  tube  to  connect  it  to 
the  circuit  containing  the  resistance  standard  with  which  it  is  to  be 
compared.  The  method  used  at  the  Reichsanstalt  consists  in  employ- 
ing spherical  bulbs,  each  provided  with  a  current  and  potential  lead, 
which  necessitates  the  application  of  a  correction,  the  value  of  which 
can  be  calculated  approximately,  as  Lord  Rayleigh  has  shown,  or  may 
be  experimentally  determined.  Unfortunately,  the  value  experimen- 
tally found  is  less  than  the  minimum  limit  according  to  Lord  Ray- 
leigh's  calculations,  so  that  a  different  result  will  be  obtained  according 
to  the  correction  factor  employed. 

In  addition,  there  is  another  method,  which  might  and  has  been  used, 
of  applying  potential  terminals  to  the  extremities  of  the  tube,  which 
is  provided  with  prolongations  previously  continuous  with  the  same. 
This  method  also  introduces  a  correction  the  value  of  which  would 
depend  upon  a  number  of  conditions. 

In  any  case,  however,  this  source  of  uncertainty,  although  slight, 
could  be  eliminated  by  specifying  the  approximate  cross-section  or 
length  of  the  tube  representing  the  unit,  the  nature  of  the  terminals, 
and  the  magnitude  of  the  correction  factor  to  be  applied. 

THE  UNFI  OF  CURRENT. 

The  Chicago  definition  of  the  ampere  as  one-tenth  of  the  c.  g.  s.  unit 
has  been  followed  almost  verbatim  by  the  United  States,  Canada, 
France,  and  Austria,  and  the  specifications  for  the  silver  voltameter 
are  essentially  the  same  except  in  Austria,  where  no  specifications 
have  been  legalized. 

In  Germany  the  ampere  is  simply  defined  in  terms  of  the  electro- 
chemical equivalent  of  silver,  and  in  addition  the  specifications  for  the 
silver  voltameter  are  considerably  modified. 

The  proposed  Swiss  law  has  been  copied  from  the  German  law. 

The  Belgian  law  differs  from  the  German  law  only  in  that  the 
ampere  is  defined,  not  as  being  equal  to,  but  as  being  sufficiently  well  • 
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represented  for  practical  purposes  by  'Hhe  intensity  of  a  constant 
current  which  precipitates  in  one  second  0.001118  grams  of  silver 
from  an  aqueous  solution  of  silver  nitrate." 

In  England  it  is  defined  both  as  one-tenth  of  a  c.  g.  s.  unit,  and  as 
heing  represented  hy  "the  unvarying  electric  current  which,  when 
passed  through  a  solution  of  nitrate  of  silver  in  water  in  accordance 
with  the  specification  appended  hereto  and  marked  'A,'  deposits  silver 
at  the  rate  of  0.001118  of  a  gram  per  second."  In  addition,  a  distinc- 
tion is  made  between  the  unit  of  current  and  the  standard  of  current, 
the  latter  being  defined  in  terms  of  a  particular  standard  ampere 
balance  preserved  in  the  Board  of  Trade  Electrical  Standardizing 
Laboratory. 

It  will  thus  be  seen  that  the  ampere  is  defined  in  three  distinct  ways, 
and  in  some  cases  the  same  country  has  defined  it  in  two  or  more  ways. 
As  has  been  pointed  out,  if  the  ampere  is  selected  as  the  second  funda- 
mental unit  it  should  not  be  defined  in  terms  of  the  absolute  unit,  but 
simply  in  terms  of  the  silver  voltameter,  for  which,  according  to  a 
number  of  investigations  since  1893,  the  specifications  are  insuffi- 
cient, as  differences  amounting  to  more  than  0.1  per  cent  may  be 
obtained.  The  cause  of  these  variations  was  first  shown  by  Kahle  at 
the  Reichsanstalt  to  be  due  to  secondary  reactions  in  the  voltameter, 
as  indicated  by  differences  when  freshly  prepared  silver-nitrate  solu- 
tions and  solutions  previously  used  are  employed.  Richards,  Collins, 
and  Heimrod  have  traced  this  influence  to  the  secondary  reactions  at 
the  anode,  and  have  shown  that  they  may  be  reduced  and  possibly  elimi- 
nated by  surrounding  the  same  with  a  porus  cup  in  which  the  solution 
is  always  kept  at  a  lower  level  than  outside,  to  prevent  diffusion. 

This  subject  has  been  further  investigated  by  Dr.  K.  E.  Guthe,  of 
the  Bureau  of  Standards,  who  confirmed  the  results  of  Richards, 
Collins,  and  Heimrod,  and  who  constructed  a  more  convenient  form 
of  voltameter  by  using  a  large  anode  in  addition  to  a  porous  cup,  the 
best  results  being  obtained  with  a  silver  plate  in  contact  with  granu- 
lated silver.  Variations  in  the  results  have  been  attributed  to  the 
filter  paper,  with  which  in  the  older  forms  the  anode  is  surrounded. 
That  the  silver  nitrate  acts  upon  the  paper  can  not  be  questioned,  but 
its  influence  on  the  solution  can  hardly  explain  the  results. 

The  filter  paper,  however,  fails  to  prevent  the  secondary  products 
formed  at  the  anode,  the  exact  nature  of  which  has  not  been  estab- 
lished, from  reaching  the  cathode,  while  the  porous  cup  prevents  it 
almost  entirely.  The  results  obtainable  with  the  Richards  and  the 
modified  forms  seem  to  be  reproducible  to  within  about  1  part  ia 
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20,000,  SO  that  unit  current  may  be  defined  in  terms  of  the  electro- 
chemical equivalent  of  silver  to  within  this  order  of  accuracy. 

The  two  arguments  most  frequently  advanced  in  favor  of  concretely 
defining  the  ampere,  instead  of  the  volt,  are  as  follows: 

(1)  According  to  Faraday's  laws  of  electrolysis,  the  amount  of  a 
given  metal  deposited  in  a  given  time  by  a  given  current  is  constant. 
As  seen  above,  complications  are  introduced  by  secondary  reactions 
at  the  electrodes,  which  vary  with  the  metal  and  the  current  density 
employed,  making  it  necessary  to  specify  the  form  and  manner  of 
employment  of  the  voltameter  to  obtain  constant  results. 

(2)  Current  intensity  can  be  determined  in  absolute  measure  directly 
by  the  electro-dynamometer,  while  electromotive  force  can  only  be 
measured  directly  in  absolute  units  of  the  electrostatic  system,  and 
the  accuracy  with  which  the  results  can  be  reduced  to  electromagnetic 
units  depends  upon  the  accuracy  with  which  "v,"  the  ratio  of  the 
units  of  the  two  systems  or  the  velocity  of  light  is  known  and  this  is 
uncertain  by  possibly  as  much  as  1  part  in  1,000. 

While  this  argument  would  have  considerable  weight  if  the  funda- 
mental units  were  to  be  defined  in  terms  of  their  -absolute  values,  a 
practice  which,  as  pointed  out  above,  should  be  abandoned  entirely, 
it  has  little  bearing  on  the  definition  of  either  current  or  electromotive 
force  in  teims  of  a  concrete  standard,  for  which  a  value  may  be  adopted 
which  agrees  with  the  best  results  of  absolute  current  measurement. 

The  objections  which  might  be  urged  against  defining  the  ampere, 
instead  of  the  volt,  are  as  follows: 

(1)  With  a  given  silver  voltameter  the  range  is  limited  and  only 
currents  lying  within  certain  narrow  limits  can  be  accurately  measured. 

(2)  Enough  time  must  be  allowed  for  the  deposit  of  at  least  several 
grams  of  silver,  so  that  accurate  weighings  may  be  made. 

(3)  The  duration  of  the  experiment  must  be  at  least  one-half  hour, 
in  order  that  the  time  may  be  accurately  measured. 

(4)  During  the  experiment  the  current  must  be  kept  constant  by 
continuous  regulation,  or  the  variations  from  its  mean  value  must  be 
determined  at  frequent  intervals,  so  that  the  average  value  may  be 
calculated. 

(5)  Tedious  double  weighings  must  be  made  to  determine  the  amount 
of  silver  deposited. 

(6)  The  result  finally  obtained  applies  to  the  average  value  of  the 
current  employed  during  the  experiment  and  can  not  be  utilized  for 
the  accurate  measurement  of  other  currents  except  by  reference  to  a 
standard  cell  and  a  standard  resistance,  or  to  some  form  of  apparatus 
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for  current  measurement,  such  as  the  electrodynamo  meter,  in  which 
case  the  accuracy  is  not  as  great  as  that  obtained  by  direct  reference 
to  a  "Standard  cell. 

UNIT  OF  ELEOTROMOTIVB  FORCE. 

The  definition  of  the  volt  adopted  at  Chicago  has  been  legalized 
almost  verbatim  by  the  United  States,  Canada,  and  France.  In  Ger- 
many and  Austria  it  is  defined  simply  in  terms  of  the  ohm  and  ampere, 
as  is  also  the  case  in  the  proposed  Swiss  and  Belgian  laws. 

In  England  the  volt  is  defined  as  10*  c.  g.  s.  units,  in  terms  of  the 
ohm  and  ampere,  and  in  terms  of  the  Clark  cell.  In  addition,  a  dis- 
tinction is  made  between  the  unit  of  electromotive  force  and  the 
standard  of  electromotive  force,  the  latter  being  defined  as  the  \\^ 
part  of  the  pressure  producing  a  certain  deflection  of  a  Kelvin  electro- 
static voltmeter  of  the  multicellular  type  preserved  at  the  Electrical 
Standardizing  Laboratory  of  the  Board  of  Trade. 

Here  again  the  definitions  legalized  differ  considerably.  Of  the 
various  definitions  only  two  need  be  considered — that  in  terms  of  the 
ohm  and  ampere,  if  these  units  are  taken  as  fundamental,  and  the  defini- 
tion in  terms  of  the  standard  cell,  if  the  ohm  and  volt  are  taken  as  the 
fundamental  units. 

The  arguments  in  favor  of  the  latter  alternative  may  be  briefly  sum- 
marized as  follows: 

•    (1)  The  facility  with  which  any  voltage  may  be  directly  measured  in 
terms  of  the  standard  cell  by  the  potentiometer. 

(2)  The  accuracy  with  which  such  measurements  may  be  made, 
which  is  practically  limited  only  by  the  accuracy  with  which  resistance 
is  measurable  and  by  the  reproducibility  of  the  cell. 

(3)  The  accuracy  with  which  the  standard  cell  can  be  reproduced, 
which  even  to-day  exceeds  all  practical  requirements  and  which  may 
be  still  further  increased  by  specifying  more  precisely  the  manner  of 
purification  and  prepamtion  of  the  materials  employed,  etc. 

(4)  The  resulting  definition  of  the  ampere  in  terms  of  the  ohm  and 
volt,  which  corresponds  to  the  actual  method  employed  in  precision 
measurements  of  current  intensity  by  the  potentiometer  method. 

(5)  The  facility  and  accuracy  with  which  any  current  may  be  thus 
measured. 

These  considerations  have  led  to  the  adoption  of  the  Clark  cell  in 
Germany  as  the  practical  standard  of  electromotive  force,  notwith- 
standing that  the  ampere  is  legally  defined  in  that  country  in  terms  of 
the  electrochemical  equivalent  of  silver  and  the  volt  in  terms  of  the 
ohm  and  ampere. 
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For  the  electromotive  force  of  the  Clark  cell,  the  value  1.4328  volts 
was  adopted  in  Germany  as  equiv^alent  to  the  legalized  definitions  of 
the  ohm  and  ampere. 

In  the  United  States  the  legalized  value  of  the  electromotive  force 
of  the  Clark  cell  is  1.434:  volts  at  15^  C.  Either  this  value  had  to  be 
taken  or  that  of  the  electrochemical  equivalent  of  silver.  The  latter 
seemed  less  desirable,  owing  to  the  insuflBciency  of  the  legalized  speci- 
fications for  the  silver  voltameter  and  the  large  variations  reported. 

The  specifications  for  the  Clark  cell  legalized  in  the  United  States 
were  drawn  up  by  the  National  Academy  of  Sciences,  and  refer  to  the 
A  type;  while  those  in  England,  Canada,  and  France  are  essentially 
those  drawn  up  by  the  Board  of  Trade  committee  and  refer  to  the 
Board  of  Trade  type. 

STANDARD  CELLS. 

Of  the  standard  cells  proposed,  only  the  Clark  and  Weston  cells  are 
to  be  considered  at  present.  In  the  former  the  electrodes  consist  of 
zinc  amalgam  covered  with  a  layer  of  zinc  sulphate  crystals  and  pure 
mercury  in  contact  with  a  paste  of  mercurous  sulphate,  zinc  sulphate 
crystals,  and  metallic  mercury,  the  electrolyte  being  a  saturated  aque- 
ous solution  of  zinc  sulphate  and  mercurous  sulphate. 

In  the  Weston  cell  the  electrodes  consist  of  cadmium  amalgam  cov- 
ered with  a  layer  of  cadmium  sulphate  crystals,  and  pure  mercury  in 
contact  with  a  paste  of  mercurous  sulphate,  cadmium  sulphate  crystals, 
and  metallic  mercury,  the  electrolyte  being  a  concentrated  aqueous 
solution  of  cadmium  sulphate  and  mercurous  sulphate. 

The  investigations  thus  far  reported  indicate  that  diflferences  between 
individual  cells  of  either  type,  set  up  from  materials  obtained  from 
various  sources  and  at  various  times,  agree  with  each  other  to  within 
0.0002  volts,  corresponding  to  a  slight  advantage  in  favor  of  the  Clark 
cell  on  account  of  its  higher  electromotive  force.  The  constancy  and 
reproducibility  of  both  types  have  also  been  established  by  the  con- 
stancy of  the  ratio  between  them. 

While  sharing  with  the  Clark  cell  these  most  essential  qualities,  the 
Weston  cell  has  a  number  of  marked  advantages. 

(1)  The  higher  temperature  coefficient  of  the  Clark  cell  is  a  serious 
obstacle  to  measurements  of  the  highest  precision,  while  that  of  the 
Weston  cell  at  ordinary  temperatures  is  less  than  one-twentieth  as 
great,  so  that  errors  due  to  temperature  uncertainties  are  correspond- 
ingly reduced. 

(2)  Clark  cells  are  subject,  particularly  when  a  number  of  years  old, 
to  large  hysteresis  eflfects  attending  temperature  variations.  In  the 
Weston  cell  the  error  due  to  this  cause  can  only  amount  to  a  small 
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fraction  of  that  in  the  Clark  cell,  owing  to  the  relatively  slight  influ- 
ence of  temperature  on  the  solubility  of  the  cadmium  sulphate. 

(3)  The  average  life  of  Clark  cells  is  quite  short,  owing  to  the  tend- 
ency of  the  cell  to  crack  at  the  point  where  the  platinum  terminal  is 
fused  into  the  amalgam  limb.  This  objection  might  be  obviated  by 
suitable  modifications  in  the  construction,  as  have  been  suggested,  but 
not  without  introducing  some  complication.  No  such  tendency  has 
been  observed  with  Weston  cells. 

(4)  In  Clark  cells  a  layer  of  gas  is  formed  at  the  amalgam  surface, 
even  when  carefully  neutralized  solutions  are  employed,  which  maj 
interrupt  the  circuit,  thus  rendering  the  cell  useless.  In  the  Weston 
cell  no  gas  is,  apparently,  formed. 

Owing  to  these  marked  advantages,  the  Weston  cell  is  certain  to 
displace  the  Clark  cell  in  the  laboratory,  and  no  doubt  many  advocates 
of  the  adoption  of  the  former  as  the  standard  of  electromotive  force 
will  be  found  among  the  delegates  to  the  St.  Louis  International 
Congress. 

SPECIFICATIONS   FOR  THE   STANDARD  CELL. 

If  either  the  Clark  or  the  Weston  cell  be  adopted  as  the  standard  of 
electromotive  force,  the  specifications  will  have  to  be  to  some  extent 
redrawn  if  the  highest  accuracy  of  reproduction  is  sought,  as  the  dif- 
ferences between  individual  cells  set  up  with  different  materials  at 
present  far  exceed  the  relative  errors  made  in  current  and  electro- 
motive force  measurements  by  the  potentiometer  method.  It,  there- 
fore, seems  desirable,  as  stated  above,  to  specify  more  precisely  the 
methods  of  purification  and  preparation  of  the  materials  employed. 

Fortunately,  the  metals  entering  into  the  composition  of  Clark  and 
Weston  cells, — mercury,  zinc,  and  cadmium, — are  among  the  few 
which  can  be  obtained  by  special  methods  so  pure  that  the  foreign 
metals  in  them  do  not  exceed  more  than  0.001  per  cent.  Zinc  sulphate 
and  cadmium  sulphate  can  be  obtained  from  the  specially  purified 
metals  and  pure  sulphuric  acid.  Even  considerable  quantities  of  the 
impurities  usually  accompanying  the  above  materials,  when  purchased 
as  '*  chemically  pure,"  exert  a  relatively  small  and  even  insignificant 
influence  on  the  electromotive  force  of  the  cell.  In  defining  the 
standard  cell,  however,  the  method  of  preparation  or  purification  and 
the  degree  of  purity  of  the  materials  should  certainly  be  specified. 

The  principal  source  of  variation  of  the  standard  cell  has  lately  been 
shown  to  be  due  to  differences  in  the  electromotive  properties  of  the 
mercurous  sulphate.  The  "chemically  pure"  mercurous  sulphate  of 
commerce  contains,  besides  nitrates,  etc.,  basic  mercurous  sulphate. 
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mercuric  sulphate,  basic  mercuric  sulphate,  and  possibly  sulphites. 
According  to  the  Chicago  specifications,  since  generally  adopted,  the 
mercurous  sulphate  is  washed  a  number  of  times  with  distilled  water, 
which  converts  the  mercuric  sulphate  into  basic  mercuric  sulphate, 
which  is  not  removed.  Moreover,  the  water  hydrolizes  the  mercurous 
sulphate,  converting  part  of  it  into  basic  mercurous  sulphate.  Both 
these  materials  having  a  definite  solubility  in  the  zinc  sulphate  and 
cadmium  sulphate  solutions,  must  exert  an  influence  on  the  electro- 
motive force  of  the  cell.  The  basic  mercurous  sulphate,  when  present 
in  excess,  will  exert  an  influence  on  the  electromotive  force,  while  the 
basic  mercuric  sulphate  is  gradually  decomposed  and  eliminated,  thus 
introducing  a  variable  factor. 

Pure  mercurous  sulphate,  however,  may  be  obtained  from  pure 
mercury  and  sulphuric  acid,  by  an  electrolytic  method  independently 
devised  by  Carhart  and  Hulett,  and  the  author,  and  the  results  already 
obtained  indicate  that  the  agreement  of  cells  set  up  with  this  material 
is  within  a  few  parts  in  100,000,  but  further  work  is  desirable. 

It  is,  therefore,  most  important,  if  the  unit  of  electromotive  force 
is  defined  in  terms  of  the  standard  cell,  to  specify  the  manner  in  which 
this  material  is  to  be  prepared,  and  to  modify  some  of  the  specifications 
relating  to  its  treatment. 

Besides  new  specifications  for  the  ampere  or  volt  in  terms  of  the 
electrochemical  equivalent  of  silver,  or  the  electromotive  force  of 
some  particular  standard  cell,  respectively,  it  will  be  necessary  to 
adopt  a  new  value  for  one  of  these  constants.  This  may  be  based 
either  on  the  absolute  determinations  already  made,  applying  to  the 
accepted  values,  corrections  determined  by  the  modifications  in  the 
specifications  which  may  be  adopted  and  a  correction  in  order  to  bring 
the  unit  into  closer  agreement  with  the  absolute  value  upon  which  it 
is  based,  or  by  new  absolute  determinations.  If  the  latter  alternative 
is  decided  upon,  considerable  delay  would  probably  ensue,  and  in  addi- 
tion, not  much  could  be  gained,  owing  to  the  relatively  large  errors  of 
all  absolute  measurements  and  the  differences  likely  to  be  found 
between  the  results  obtained  by  different  investigators  using  different 
methods  and  apparatus. 

Two  determinations  of  the  electromotive  force  of  the  Clark  cell  in 
absolute  measure,  made  by  Kahle  at  the  Reichsanstalt,  and  by  Carhart 
and  Guthe,  indicate  that  the  value  adopted  by  the  Chicago  Congress, 
1.434  volts,  is  too  large  by  about  1  millivolt;  and  in  addition,  several 
redeterminations  of  the  mechanical  equivalent  of  heat  in  electrical 
units  give  values  for  the  latter  which  can  only  be  brought  into  accord 
with  the  values  determined  by  the  direct  mechanical  methods  if  the 
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electromotive  force  of  the  Clark  ^ell  be  taken  as  1.433.  If  this  value 
be  adopted  for  the  Clark  cell,  or  the  equivalent  value  for  the  Weston 
cell,  the  international  units,  would  be  defined  with  a  quite  sufficient 
absolute  accuracy,  as  the  above  value  is  most  probably  known  to  at 
least  1  part  in  2,000,  and  as  at  the  present  time  a  much  higher  absolute 
accuracy  can  hardly  be  predicted.  It  seems,  on  the  other  hand,  that 
the  main  question  is  to  define  the  international  units  with  the  prime 
object  of  reprodudhility  to  the  highest  order  of  accuracy,  and  it  is 
hoped  that  in  this  an  accuracy  of  a  few  parts  in  100,000  will  be 
realized. 

DERIVED  UNITS. 

It  will  be  generally  agreed  that  the  units  of  capacity,  inductance, 
power,  energy,  and  any  others  that  the  St.  Louis  Congress  may  decide 
to  include,  should  be  defined  in  terms  of  the  definitions  adopted  for 
the  fundamental  units. 

The  joule  and  watt  have,  however,  been  defined  in  terms  of  the 
c.  g.  s.  units  by  some  countries,  and  objections  will  probably  be  raised 
to  defining  them  in  terms  of  the  electrical  units.  Such  objections 
could  be  met  by  making  a  distinction  between  the  absolute  joule  and 
international  joule,  and  the  absolute  watt  and  the  international  watt,  a 
distinction  already  used  to  some  extent  in  distinguishing  between  the 
absolute  units  and  the  international  electrical  units.  As  the  system 
becomes  established  the  designation  international  will  gradually  be 
dropped.  Moreover,  if  the  values  adopted  for  the  international  units 
agree  with  the  absolute  values  upon  which  they  are  based  to  within 
even  1  part  in  1,000,  as  will  be  the  case,  the  objections  will  be  mainly 
theoretical,  as  all  practical  requirements  will  be  met. 

MAGNETIC  UNITS. 

The  only  official  action  thus  far  taken  in  defining  the  magnetic  units 
is  that  of  the  Paris  Congress  of  1900  by  which  the  c.  g.  s.  units  of 
magnetic  field  intensity  and  magnetic  flux  were  adopted,  the  names 
Gauss  and  Maxwell  being  assigned  to  them. 

The  St.  Louis  Congress  may,  however,  consider  the  adoption  of 
additional  units  of  magnetomotive  force  and  magnetic  reluctance  and 
the  definition  of  all  the  magnetic  units  in  harmony  with  the  practical 
system  of  electromagnetic  units.  None  of  the  units,  either  of  the 
practical  or  c.  g.  s.  system,  is  of  a  convenient  magnitude,  but  this 
should,  of  course,  not  determine  the  choice.  If  there  is  any  need  of 
decimal  multiples  or  submultiples,  these  can  be  supplied  by  the  use  of 
a  suitable  prefix. 
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It  must,  however,  be  emphasized  that  the  definition  of  the  magnetic 
units  directly  in  terms  of  the  c.  g.  s.  units  or  in  terms  of  multiples  or 
submultiples  of  the  same  is  open  to  the  serious  objection  that  it  would 
lead  to  an  inconsistency  if  the  fundamental  electrical  units  are  defined 
in  terms  of  concrete  standards  and  that  it  would  be  equivalent  to  a 
redefinition  of  these  electrical  units,  interconnected  as  they  are  with 
the  magnetic  units  in  terms  of  the  units  of  the  c.  g.  s.  system. 

This  can  only  be  avoided  by  defining  the  magnetic  units  in  terms  of 
the  fundamental  international  electrical  units — the  ohm,  volt,  and 
ampere — and  any  resulting  ambiguity  might  be  removed  by  designat- 
ing the  units  thus  defined  as  international  magnetic  units. 
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LEGAL  DEFINITION  OF  THE  ELECTRICAL  UNITS  IN  THE 

UNITED  STATES. 

[Act  approved  July  12, 1894.] 

Be  it  enacted,  <Scc,,  That  from  and  after  the  passage  of  this  act  the  legal  units  of 
electrical  measure  in  the  United  States  shall  be  as  follows: 
First.  The  unit  of  resistance  shall  be  what  is  known  as  the  international  ohm, 

which  is  substantially  equal  to  one  thousand  million  units  of  resist- 
ance of  the  centimeter-gram-second  system  of  electromagnetic 
units,  and  is  represented  by  the  resistance  offered  to  an  unvarying  electric  current 
by  a  column  of  mercury  at  the  temperature  of  melting  ice  fourteen  and  four  thousand 
five  hundred  and  twenty-one  ten-thousandths  gram  in  mass,  of  a  constant  cross- 
sectional  area,  and  of  the  length  of  one  hundred  and  six  and  three-tenths  centimeters. 
Second.  The  unit  of  current  shall  be  what  is  known  as  the  international  ampere, 

which  is  one-tenth  of  the  unit  of  current  of  the  centimeter-gram- 
second  system  of  electro-magnetic  units,   and  is  the  practical 
equivalent  of  the  unvarying  current,  which,  when  passed  through  a  solution  of  nitrate 
of  silver  in  water  in  accordance  with  standard  specifications,  deposits  silver  at  the 
rate  of  one  thousand  one  hundred  and  eighteen  millionths  of  a  gram  per  second. 
Third.  The  unit  of  electro-motive  force  shall  be  what  is  known  as  the  international 

volt,  which  is  the  electro-motive  force  that,  steadily  applied  to  a 
conductor  whose  resistance  is  one  international  ohm,  will  produce 
a  current  of  an  international  ampere,  and  is  practically  equivalent  to  one  thousand 
fourteen  hundred  and  thirty- fourths  of  the  electro-motive  force  between  the  poles  or 
electrodes  of  the  voltaic  cell  known  as  Clark's  cell,  at  a  temperature  of  fifteen  degrees 
centigrade,  and  prepared  in  the  maimer  described  in  the  standard  specifications. 
Fourth.  The  unit  of  quantity  shall  be  what  is  known  as  the  international  coulomb, 

which  is  the  quantity  of  electricity  transferred  by  a  current  of 
one  international  ampere  in  one  second. 
Fifth.  The  unit  of  capacity  shall  be  what  is  known  as  the  international  farad, 

which  is  the  capacity  of  a  condenser  charged  to  a  potential  of  one 
international  volt  by  one  international  coulomb  of  electricity. 
Sixth.  The  unit  of  work  shall  be  the  joule,  w^hich  is  equal  to  ten  million  units  of 

work  in  the  centimer-gram-second  system,  and  which  is  prac- 
tically equivalent  to  the  energy  expended  in  one  second  by  an 
international  ampere  in  an  international  ohm. 
Seventh.  The  unit  of  power  shall  be  the  watt,  which  is  equal  to  ten  million  units 

of  power  in  the  centimeter-gram-second  system,  and  which  is 
practically  equivalent  to  the  work  done  at  the  rate  of  one  joule 
per  second. 
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Eighth.  The  unit  of  induction  shall  be  the  henry,  which  is  the  induction  in  a 

circuit  when  the  electro-motive  force  induced  in  this  circuit  is  one 
international  volt  while  the  inducing  current  varies  at  the  rate  of 
one  ampere  per  second. 

Sec.  2.  That  it  shall  be  the  duty  of  the  National  Academy  of  Sciences  to  prescribe 
and  publish,  as  soon  as  possible  after  the  passage  of  this  act,  such  specifications  of 
detail  as  shall  be  necessary  for  the  practical  application  of  the  definitions  of  the 
ampere  and  volt  hereinbefore  given,  and  such  specifications  shall  be  the  standard 
specifications  herein  mentioned. 

SPECIFICATIONS. 

In  conformity  with  section  2  of  the  above  act,  the  National  Academy  of  Sciences, 
on  February  9,  1895,  accepted  and  unanimously  adopted  the  following  report: 

Report. 

In  the  preparation  of  this  report,  in  order  to  have  the  specifications  accord  with 
international  usage,  free  use  has  been  made  of  the  English  Government  specifications 
and  of  certain  papers  prepared  by  Dr.  K.  Kahle,  of  Grermany,  and  Prof.  H.  S.  Car- 
hart,  of  this  country. 

SPECIFICATIONS  FOR  THE  PRACTICAL  APPLICATION  OF  THE 
DEFINITIONS  OF  THE  AMPERE  AND  VOLT. 

Specification  A. — Tlie  ampere. 

In  employing  the  silver  voltameter  to  measure  currents  of  about  1  ampere,  the 
following  arrangements  shall  be  adopted: 

The  kathode  on  which  the  silver  is  to  be  deposited  shall  take  the  form  of  a  pla- 
tinum bowl  not  less  than  10  centimeters  in  diameter,  and  from  4  to  5  centimeters  in 
depth. 

The  anode  shall  be  a  disk  or  plate  of  pure  silver  some  30  square  centimeters  in 
area  and  2  or  3  millimeters  in  thickness. 

This  shall  be  supported  horizontally  in  the  liquid  near  the  top  of  the  solution  by  a 
Bxlver  rod  riveted  through  Us  center.  To  prevent  the  disintegrated  silver  which  is 
formed  on  the  anode  from  falling  upon  the  kathode,  the  anode  shall  be  wrapped 
around  with  pure  filter  paper,  secured  at  the  back  by  suitable  folding. 

The  liquid  shall  consist  of  a  neutral  solution  of  pure  silver  nitrate,  containing 
about  15  parts  by  weight  of  the  nitrate  to  85  parts  of  water. 

The  resistance  of  the  voltameter  changes  somewhat  as  the  current  passes.  To 
prevent  these  changes  having  too  great  an  effect  on  the  current,  some  resistance 
besides  that  of  the  voltameter  should  be  inserted  in  the  circuit.  The  total  metallic 
resistance  of  the  circuit  should  not  be  less  than  10  ohms. 

Method  of  making  a  measurement. — The  platinum  bowl  is  to  be  washed  consecutively 
with  nitric  acid,  distilled  water,  and  absolute  alcohol;  it  is  then  to  be  dried  at  160° 
C,  and  left  to  cool  in  a  desiccator.  When  thoroughly  cool  it  is  to  be  weighed 
carefully. 

It  is  to  be  nearly  filled  with  the  solution  and  connected  to  the  rest  of  the  circuit  by 
being  placed  on  a  clean  insulated  copper  support  to  which  a  binding  screw  is  attached. 

The  anode  is  then  to  be  immersed  in  the  solution  so  as  to  be  well  covered  by  it 
and  supported  in  that  position;  the  connections  to  the  rest  of  the  circuit  are  then  to 
be  made. 
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Contact  is  to  be  made  at  the  key,  noting  the  time.  The  current  is  to  be  allowed 
to  pass  for  not  less  than  half  an  hour,  and  the  time  of  breaking  contact  observed. 

The  solution  is  now  to  be  removed  from  the  bowl  and  the  deposit  washed  with 
distilled  water  and  left  to  soak  for  at  least  six  hours.  It  is  then  to  be  rinsed  succes- 
sively with  distilled  water  and  absolute  alcohol  and  dried  in  a  hot-air  bath  at  a 
temperature  of  about  160°  0.  After  cooling  in  a  desiccator  it  is  to  be  weighed  again. 
The  gain  in  mass  gives  the  silver  deposited. 

To  find  the  time  average  of  the  current  in  amperes,  this  mass,  expressed  in  grams, 
must  be  divided  by  the  number  of  seconds  during  which  the  current  has  passed  and 
by  0.001118. 

In  determining  the  constant  of  an  instrument  by  this  method,  the  current  should 
be  kept  as  nearly  uniform  as  possible,  and  the  readings  of  the  instrument  observed 
at  frequent  intervals  of  time.  These  observations  give  a  curve  from  which  the 
reading  corresponding  to  the  mean  current  (time-average  of  the  current)  can  be 
found.  The  current,  as  calculated  from  the  voltameter  results,  corresponds  to  this 
reading. 

The  current  used  in  this  experiment  must  be  obtained  from  a  battery,  and  not 
from  a  dynamo,  especially  when  the  instrument  to  be  calibrated  is  an  electrodyna- 
mometer. 

Specification  B. — The  volt. 

Definition  and  properties  of  the  cell, — The  cell  has  for  its  positive  electrode,  mercury, 
and  for  its  negative  electrode,  amalgamated  zinc;  the  electrolyte  consists  of  a  satu- 
rated solution  of  zinc  sulphate  and  mercurous  sulphate.  The  electromotive  force  is 
1.434  volts  at  15**  C,  and  between  10**  C.  and  25**  C,  by  the  increase  of  1**  C.  in 
temperature,  the  electromotive  force  decreases  by  0.00115  of  a  volt. 

1.  Preparation  of  the  mercury. — To  secure  purity,  it  should  be  first  treated  with 
acid  in  the  usual  manner  and  subsequently  distilled  in  vacuo. 

2.  Preparation  of  the  zinc  amalgam. — ^The  zinc  designated  in  commerce  as  "com- 
mercially pure**  can  be  used  without  further  preparation.  For  the  preparation  of 
the  amalgam,  1  part  by  weight  of  zinc  is  to  be  added  to  9  parts  by  weight  of  mer- 
cury, and  both  are  to  be  heated  in  a  porcelain  dish  at  100®  C,  with  moderate  stirring 
until  the  zinc  has  been  fully  dissolved  in  the  mercury. 

3.  Preparation  of  the  mercurous  sulphate, — Take  mercurous  sulphate,  purchased  as 
pure;  mix  with  it  a  small  quantity  of  pure  mercury,  and  wash  the  whole  thoroughly 
with  cold  distilled  water  by  agitation  in  a  bottle;  drain  off  the  water  and  repeat  the 
process  at  least  twice.  After  the  last  washing,  drain  off  as  much  of  the  water  as 
possible.     (For  further  details  of  purification,  see  Note  A. ) 

4.  Preparation  of  the  zinc  sulphate  solution. — Prepare  a  neutral  saturated  solution  of 
pure  recrystallized  zinc  sulphate,  free  from  iron,  by  mixing  distilled  water  with 
nearly  twice  its  weight  of  crystals  of  pure  zinc  sulphate  and  adding  zinc  oxide  in  the 
proportion  of  about  2  per  cent  by  weight  of  the  zinc  sulphate  crystals  to  neutralize 
any  free  acid.  The  crystals  should  be  dissolved  with  the  aid  of  gentle  heat,  but  the 
temperature  to  which  the  solution  is  raised  must  not  exceed  30®  C.  Mercurous  sul- 
phate, treated  as  described  in  3»  shall  be  added  in  the  proportion  of  about  12  percent 
by  weight  of  the  zinc  sulphate  crystals  to  neutralize  the  free  zinc  oxide  remaining, 
and  then  the  solution  filtered,  while  still  warm,  into  a  stock  bottle.  Crystals  should 
form  as  it  cools. 

'  5.  Preparation  of  the  mercurous  sulphate  and  zinc  sulphate  paste. — For  making  the 
paste,  2  or  3  parts  by  weight  of  mercurous  sulphate  are  to  be  added  to  1  by  weight  of 
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mercury.  If  the  sulphate  l>e  dry,  it  is  to  be  mixed  with  a  paste  consisting  of  zinc 
sulphate  crystals  and  a  concentrated  zinc  sulphate  solution,  so  that  the  whole  con- 
stitutes a  stiff  mass,  which  is  permeated  throughout  by  zinc  sulphate  crystals  and 
globules  of  mercury.  If  the  sulphate,  however,  be  moist,  only  zinc  sulphate  crystals 
are  to  be  added;  care  must,  however,  be  taken  that  these  occur  in  excess  and  are  not 
dissolved  after  continued  standing.  The  mercury  must,  in  this  case  also,  permeate 
the  paste  in  little  globules.  It  is  advantageous  to  crush  the  zinc  sulphate  crystals 
before  using,  since  the  paste  can  then  be  better  manipulated. 

To  set  up  the  cell. — The  containing  glass  vessel,  *  *  *  ^  shall  consist  of  tw^o 
limbs  closed  at  the  bottom  and  joined  above  to  a  common  neck  fitted  w^ith  a  ground- 
glass  stopper.  The  diameter  of  the  limbs  should  be  at  least  two  centimetere  and 
their  length  at  least  3  centimeters.  The  neck  should  be  not  less  than  1.5  centimeters 
in  diameter.  At  the  bottom  of  each  limb  a  platinum  wire  of  about  0.4  millimeter 
diameter  is  sealed  through  the  glass. 

To  set  up  the  cell,  place  in  one  limb  pure  mercury  and  in  the  other  hot  liquid 
amalgam,  containing  90  parts  mercury  and  10  parts  zinc.  The  platinum  wires  at  the 
bottom  must  be  completely  covered  by  the  mercury  and  the  amalgam,  respectively. 
On  the  mercury  place  a  layer  1  centimeter  thick  of  the  zinc  and  mercurous  sulphate 
paste  described  in  5.  Both  this  paste  and  the  zinc  amalgam  must  then  be  covered 
with  a  layer  of  the  neutral  zinc  sulphate  crystals  1  centimeter  thick.  The  whole 
vessel  must  then  be  filled  with  the  saturated  zinc  sulphate  solution,  and  the  stopper 
inserted  so  that  it  shall  just  touch  it,  leaving,  however,  a  small  bubble  to  guard 
against  breakage  when  the  temperature  rises. 

Before  finally  inserting  the  glass  stopper  it  is  to  be  brushed  around  its  upper  edge 
with  a  strong  alcoholic  solution  of  shellac  and  pressed  firmly  in  place.  (For  details 
of  filling  the  cell,  see  Note  B. ) 

NOTES  TO  THE  SPECIFICATIONS. 

(A)  Tlie  mercurous  sulphate. — The  treatment  of  the  mercurous  sulphate  has  for  its 
object  the  removal  of  any  mercuric  sulphate  which  is  often  present  as  an  impurity. 

Mercuric  sulphate  decomposes  in  the  presence  of  water  into  an  acid  and  a  basic 
sulphate.  The  latter  is  a  yellow  substance — turpeth  mineral — practically  insoluble 
in  water;  its  presence,  at  any  rate  in  moderate  quantities,  has  no  effect  on  the  cell. 
If,  however,  it  be  formed,  the  acid  sulphate  is  also  formed.  This  is  soluble  in  water 
and  the  acid  produced  affects  the  electromotive  force.  The  object  of  the  washings 
is  to  dissolve  and  remove  this  acid  sulphate,  and  for  this  purpose  the  three  washings 
described  in  the  specification  will  suffice  in  nearly  all  cases.  If,  however,  much  of 
the  turpeth  mineral  be  formed,  it  shows  that  there  is  a  great  deal  of  the  acid  sulphate 
present,  and  it  will  then  be  wiser  to  obtain  a  fresh  sample  of  mercurous  sulphate, 
rather  than  to  try  by  repeated  washings  to  get  rid  of  all  the  acid. 

The  free  mercury  helps  in  the  process  of  removing  the  acid,  for  the  acid  mercuric 
sulphate  attacks  it,  forming  mercurous  sulphate. 

Pure  mercurous  sulphate,  when  quite  free  from  acid,  shows  on  repeated  washing 
a  faint  yellow  tinge,  which  is  due  to  the  formation  of  a  basic  mercurous  salt  dis- 
tinct from  the  turpeth  mineral,  or  basic  mercuric  sulphate.  The  appearance  of  this 
primrose-yellow  tint  may  be  taken  as  an  indication  that  all  the  acid  has  been 
removed;  the  washing  may  with  advantage  be  continued  until  this  tint  appears. 

(B)  Filling  the  cell. — After  thoroughly  cleaning  and  drying  the  glass  vessel,  place 
it  in  a  hot-water  bath.  Then  pass  through  the  neck  of  the  vessel  a  thin  glass  tube 
reaching  to  the  bottom,  to  serve  for  the  introduction  of  the  amalgam.    This  tube 
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should  be  as  laige  as  the  glass  vessel  will  admit  It  serves  to  protect  the  upper  part 
of  the  cell  from  being  soiled  with  the  amalgam.  To  fill  in  the  amalgam,  a  clean 
dropping  tube  about  10  centimeters  long,  drawn  out  to  a  fine  point,  should  be  used. 
Its  lower  end  is  brought  under  the  surface  of  the  amalgam,  heated  in  a  porcelain 
dish,  and  some  of  the  amalgam  is  drawn  into  the  tube  by  means  of  the  rubber  bulb. 
The  point  is  then  quickly  cleaned  of  dross  with  filter  paper,  and  is  passed  through 
the  wider  tube  to  the  bottom  and  emptied  by  pressing  the  bulb.  The  point  of 
the  tube  must  be  so  fine  that  the  amalgam  will  come  out  only  on  squeezing  the  bulb. 
This  process  is  repeated  until  the  limb  contains  the  desired  quantity  of  amalgam.  The 
vessel  is  then  removed  from  the  water  bath.  After  cooling,  the  amalgam  must 
adhere  to  the  glass,  and  must  show  a  clean  surface  with  a  metallic  luster. 

For  insertion  of  the  mercury,  a  dropping  tube  with  a  long  stem  will  be  found  con- 
venient The  paste  may  be  poured  in  through  a  wide  tube  reaching  nearly  down 
to  the  mercury  and  having  a  funnel-shaped  top.  If  .the  paste  does  not  move  down 
freely  it  may  be  pushed  down  with  a  small  glass  rod.  The  paste  and  the  amalgam 
are  then  both  covered  with  the  zinc  sulphate  crystals  before  the  concentrated  zinc 
sulphate  solution  is  poured  in.  This  should  be  added  through  a  small  funnel,  so 
as  to  leave  the  neck  of  the  vessel  clean  and  dry. 

For  convenience  and  security  in  handling,  the  cell  may  be  mounted  in  a  suitable 
case,  so  as  to  be  at  all  times  open  to  inspection. 

In  using  the  cell,  sudden  variations  of  temperature  should,  as  far  as  possible,  be 
avoided,  since  the  changes  in  electromotive  force  lag  behind  those  of  temperature. 
Respectfully  submitted. 

Henry  A.  Rowland, 

Chairman. 
Henry  L.  Abbot, 
George  F.  Barker, 
Charles  S.  Hastings, 
Albert  A.  Michelson, 
John  Trowbridge, 
Carl  Barus, 

Committee, 


LEGAL  DEFINITION  OF  THE  ELECTRICAL  UNITS  IN 

great  BRITAIN. 

[Order  in  council,  August  23, 1894.] 

Whereas  by  "The  Weights  and  Measures  Act,  1889,"  it  is,  among  other  things, 
enacted  that  the  Board  of  Trade  shall  from  time  to  time  cause  such  new  denomina- 
tions of  standards  for  the  measurement  of  electricity  as  appear  to  them  to  be  required 
for  use  in  trade  to  be  made  and  duly  verified; 

And  whereas  it  has  been  made  to  appear  to  the  Board  of  Trade  that  new  denomi- 
nations of  standards  are  required  for  use  in  trade,  based  upon  the  following  units  of 
electrical  measurement,  viz: 

1.  The  ohm,  which  has  the  value  l(fi  in  terms  of  the  centimeter  and  the  second  of 

^  time,  and  is  represented  by  the  resistance  offered  to  an  unvarying 

electric  current  by  a  column  of  mercury  at  the  temperature  of 
melting  ice,  14.4521  grams  in  mass,  of  a  constant  cross-sectional  area  and  of  a  length 
of  106.3  centimeters. 
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2.  The  ampere,  which  has  the  value  one-tenth  in  terms  of  the  centimeter,  the 

gram,  and  the  second  of  time,  and  which  is  represented  hy  the 
unvarying  electric  current,  which,  when  passed  through  a  solu- 
tion of  nitrate  of  silver  in  water,  in  accordance  with  the  specification  appended 
hereto  and  marked  ''A,''  deposits  silver  at  the  rate  of  0.001118  of  a  gram  per  second. 

3.  The  volt,  which  has  the  value  10^  in  terms  of  the  centimeter,  the  gram,  and  the 

second  of  time,  being  the  electrical  pressure  that,  if  steadily 
applied  to  a  conductor  whose  resistance  is  1  ohm,  will  produce  a 
current  of  1  ampere,  and  which  is  represented  by  0.6974  (iJ§J)  of  the  electrical  pres- 
sure at  a  temperature  of  15°  C.  between  the  poles  of  the  voltaic  cell  known  as  Clark's 
cell,  set  up  in  accordance  with  the  specification  appended  hereto  and  marked  ''B.*' 
And  whereas  they  have  caused  the  said  new  denominations  of  standards  to  be 
made  and  duly  verified. 

Now,  therefore,  Her  Majesty,  by  virtue  of  the  power  vested  in  her  by  the  said  act, 
by  and  with  the  advice  of  Her  Privy  Council,  is  pleased  to  approve  the  several 
denominations  of  standards  set  forth  in  the  schedule  hereto  as  new  denominations 
of  standards  for  electrical  measurement 

C.  L.  Peel. 

SCHEDULE. 

1. — Standard  of  Electrical  Resistance. 

A  standard  of  electrical  resistance  denominated  1  ohm,  being  the  resistance  between 
the  copper  terminals  of  the  instrument  marked  '*  Board  of  Trade  Ohm  Standard, 
verified  1894,"  to  the  passage  of  an  unvarying  electrical  current  when  the  coil  of 
insulated  wire  forming  part  of  the  aforesaid  instrument  and  connected  to  the  afore- 
said terminals  is  in  all  parts  at  a  temperature  of  15.4°  C. 

11. — Standard  op  Electrical  Current. 

A  standard  of  electrical  current  donominated  1  ampere,  being  the  current  which 
is  passing  in  and  through  the  coils  of  wire  forming  part  of  the  instrument  marked 
**  Board  of  Trade  Ampere  Standard,  verified  1894,'*  when  on  reversing  the  current 
in  the  fixed  coils  the  change  in  the  forces  acting  upon  the  suspended  coil  in  its 
sighted  position  is  exactly  balanced  by  the  force  exerted  by  gravity  in  Westminster 
upon  the  iridio-platinum  weight  marked  "A"  and  forming  part  of  the  said  instrument. 

111. — Standard  of  Electrical  Prbbsure. 

A  standard  of  electrical  pressure  denominated  1  volt,  being  one-hundredth  part  of 
the  pressure  which,  when  applied  between  the  terminals  forming  part  of  the  instru- 
ment marked  **  Board  of  Trade  Volt  Standard,  verified  1894,"  causes  that  rotation 
of  the  suspended  portion  of  the  instrument  which  is  exactly  measured  by  the  coin- 
cidence of  the  sighting  wire  with  the  image  of  the  fiducial  mark  A  before  and  after 
application  of  the  pressure,  and  with  that  of  the  fiducial  mark  B  during  the  applica- 
tion of  the  pressure,  these  images  being  produced  by  the  suspended  mirror  and 
observed  by  means  of  the  eyepiece. 

In  the  use  of  the  above  standards  the  limits  of  accuracy  attainable  are  as  follows: 

For  the  ohm,  within  one-hundredth  part  of  1  per  cent. 

For  the  ampere,  within  one-tenth  part  of  1  per  cent. 

For  the  volt,  within  one-tenth  part  of  1  per  cent. 

The  coils  and  instruments  referred  to  in  this  schedule  are  deposited  at  the  Board 
of  Trade  Standardising  Laboratory,  8  Richmond  Terrace,  Whitehall,  London. 
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SPECIFICATIONS  REFERRED  TO  IN  THE  FOREGOING  ORDER  IN 

COUNCIL. 

Specification  A. 

In  the  following  specification  the  term  silver  voltameter  means  the  arrangement 
of  apparatus  by  means  of  which  an  electric  current  is  passed  through  a  solution  of 
nitrate  of  silver  in  water.  The  silver  voltameter  measures  the  total  electrical  quan- 
tity which  has  passed  during  the  time  of  the  experiment,  and  by  noting  this  time  the 
time  average  of  the  current,  or  if  the  current  has  been  kept  constant,  the  current 
itself  can  be  deduced. 

In  employing  the  silver  voltameter  to  measure  currents  of  about  1  ampere  the 
following  arrangements  should  be  adopted:  The  kathode  on  which  the  silver  is  to  be 
deposited  should  take  the  form  of  a  platinum  bowl  not  less  than  10  centimeters  in 
diameter  and  from  4  to  6  centimeters  in  depth. 

The  anode  should  be  a  plate  of  pure  silver  some  30  square  centimeters  in  area  and 
2  or  3  millimeters  in  thickness. 

This  is  supported  horizontally  in  the  liquid  near  the  top  of  the  solution  by  a  plati- 
num wire  passed  through  holes  in  the  plate  at  opposite  comers.  To  prevent  the  dis- 
integrated silver  which  is  formed  on  the  anode  from  falling  on  to  the  kathode  the 
anode  should  be  wrapped  round  with  pure  filter  paper,  secured  at  the  back  with 
sealing  wax. 

The  liquid  should  consist  of  a  neutral  solution  of  pure  silver  nitrate,  containing 
about  16  parts  by  weight  of  the  nitrate  to  85  parts  of  water. 

The  resistance  of  the  voltameter  changes  somewhat  as  the  current  passes.  To 
prevent  these  changes  having  too  great  an  effect  on  the  current  some  resistance 
besides  that  of  the  voltameter  should  be  inserted  in  the  circuit.  The  total  metallic 
resistance  of  the  circuit  should  not  be  less  than  10  ohms. 

METHOD  OF  MAKING   A   MEASUREMENT. 

The  platinum  bowl  is  washed  with  nitric  add  and  distilled  water,  dried  by  heat, 
and  then  left  to  cool  in  a  desiccator.     When  thoroughly  dry  it  is  weighed  carefully. 

It  is  nearly  filled  with  the  solution  and  connected  to  the  rest  of  the  circuit  by 
being  placed  on  a  clean  copper  support  to  which  a  binding  screw  is  attached.  This 
copper  support  must  be  insulated. 

The  anode  is  then  immersed  in  the  solution  so  as  to  be  well  covered  by  it  and  sup- 
ported in  that  position;  the  connections  to  the  rest  of  the  circuit  are  made. 

Contact  is  made  at  the  key,  noting  the  time  of  contact.  The  current  is  allowed  to 
pass  for  not  less  than  half  an  hour,  and  the  time  at  which  contact  is  broken  is 
observed.  Care  must  be  taken  that  the  clock  used  is  keeping  correct  time  during 
this  interval. 

The  solution  is  now  removed  from  the  bowl  and  the  deposit  is  washed  with  dis- 
tilled water  and  left  to  soak  for  at  least  six  hours.  It  is  then  rinsed  successively 
with  distilled  water  and  absolute  alcohol  and  dried  in  a  hot-air  bath  at  a  tem- 
perature of  about  160°  C.  After  cooling  in  a  desiccator  it  is  weighed  again.  The 
gain  in  weight  gives  the  silver  deposited. 

To  find  the  current  in  amperes,  this  weight,  expressed  in  grams,  must  be  divided 
by  the  number  of  seconds  during  which  the  current  has  been  passed,  and  by  0.001118. 

The  result  will  be  the  time  average  of  the  current,  if  during  the  interval  the  current 
has  varied. 
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In  determining  by  this  method  the  constant  of  an  instrament  the  current  should 
be  kept  as  nearly  constant  as  possible,  and  the  readings  of  the  instrument  observed 
at  frequent  intervals  of  time.  These  observations  give  a  curve  from  which  the  read- 
ing corresponding  to  the  mean  current  (time  average  of  the  current)  can  be  found. 
The  current,  as  calculated  by  the  voltameter,  corresponds  to  this  reading. 

Specification  B. — On  the  preparation  of  the  Clark  celL 

DEFINITION   OF  THE  CELL. 

The  cell  consists  of  zinc,  or  an  amalgam  of  zinc  with  mercury,  and  of  mercury  in 
a  neutral  saturated  solution  of  zinc  sulphate  and  mercurous  sulphate  in  water,  pre- 
pared with  mercurous  sulphate  in  excess. 

PREPARATION   OF  THE  MATERIALS. 

1.  The  mercury. — To  secure  purity  it  should  be  first  treated  with  acid  in  the  usual 
manner  and  subsequently  distilled  in  vacuo. 

2.  The  zinc. — ^Take  a  portion  of  a  rod  of  pure  redistilled  zinc,  solder  to  one  end  a 
piece  of  copper  wire,  clean  the  whole  with  glass  paper  or  a  steel  burnisher,  carefully 
removing  any  loose  pieces  of  the  zinc.  Just  before  making  up  the  cell  dip  the  zinc 
into  dilute  sulphuric  acid,  wash  with  distilled  water,  and  dry  with  a  clean  cloth  or 
filter  paper. 

3.  The  mercurous  sulphate. — ^Take  mercurous  sulphate,  purchased  as  pure,  mix  with 
it  a  small  quantity  of  pure  mercury,  and  wash  the  whole  thoroughly  with  cold  dis- 
tilled water  by  agitation  in  a  bottle;  drain  off  the  water,  and  repeat  the  process  at 
least  twice.    After  the  last  washing,  drain  off  as  much  of  the  water  as  possible. 

4.  The  zinc  sulphate  solution. — Prepare  a  neutral  saturated  solution  of  pure  (**pure 
recrystallized")  zinc  sulphate  by  mixing  in  a  flask  distilled  water  with  nearly  twice 
its  weight  of  crystals  of  pure  zinc  sulphate,  and  adding  zinc  oxide  in  the  proportion 
of  about  2  per  cent  by  weight  of  the  zinc  sulphate  crystals  to  neutralize  any  free  acid. 
The  crystals  should  be  dissolved  with  the  aid  of  gentle  heat,  but  the  temperature 
to  which  the  solution  is  raised  should  not  exceed  30®  C.  Mercurous  sulphate  treated 
as  described  in  3  should  be  added  in  the  proportion  of  about  12  per  cent  by  weight 
of  the  zinc  sulphate  crystals  to  neutralize  any  free  zinc  oxide  remaining,  and  the 
solution  filtered,  while  still  warm,  into  a  stock  bottle.  Crystals  should  form  as  it 
cools. 

6.  The  mercurous  sulphate  and  zinc  sulphate  paste. — Mix  the  washed  mercurous  sul- 
phate with  the  zinc  sulphate  solution,  adding  sufficient  crystals  of  zinc  sulphate  from 
the  stock  bottle  to  insure  saturation,  and  a  small  quantity  of  pure  mercury.  Shake 
these  up  well  together  to  form  a  paste  of  the  consistence  of  cream.  Heat  the  paste, 
but  not  above  a  temperature  of  30°  C.  Keep  the  paste  for  an  hour  at  this  tempera- 
ture, agitating  it  from  time  to  time,  then  allow  it  to  cool;  continue  to  shake  it  occa- 
sionally while  it  is  cooling.  Crystals  of  zinc  sulphate  should  then  be  distinctly 
visible,  and  should  be  distributed  throughout  the  mass;  if  this  is  not  the  case,  add 
more  crystals  from  the  stock  bottle  and  repeat  the  whole  process. 

This  method  insures  the  formation  of  a  saturated  solution  of  zinc  and  mercurous 
sulphates  in  water. 

TO  SET   UP  THE  CELL. 

The  cell  may  conveniently  be  set  up  in  a  small  test  tube  of  about  2  centimeters 
diameter  and  4  or  5  centimeters  deep.  Place  the  mercury  in  the  bottom  of  this  tube, 
filling  it  to  a  depth  of,  say,  0.5  centimeter.  Cut  a  cork  about  0.5  centimeter  thick 
to  fit  the  tube;  at  one  side  of  the  cork  bore  a  hole  through  which  the  zinc  rod  can 
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pass  tightly;  at  the  other  side  bore  another  hole  for  the  glass  tube  which  covers  the 
platinum  wire;  at  the  edge  of  the  cork  cut  a  nick  through  which  the  air  can  pass 
when  the  cork  is  pushed  into  the  tube.  Wash  the  cork  thoroughly  with  warm  water, 
and  leave  it  to  soak  in  water  for  some  hours  before  use.  Pass  the  zinc  rod  about 
1  centimeter  through  the  cork. 

Contact  is  made  with  the  mercury  by  means  of  a  platinum  wire  about  No.  22  gauge. 
This  is  protected  from  contact  with  the  other  materials  of  the  cell  by  being  sealed 
into  a  glass  tube.  The  ends  of  the  wire  project  from  the  ends  of  the  tube;  one  end 
forms  the  terminal,  the  other  end  and  a  portion  of  the  glass  tube  dip  into  the 
mercury. 

Clean  the  glass  tube  and  platinum  wire  carefully,  then  heat  the  exposed  end  of  the 
platinum  red-hot,  and  insert  it  in  the  mercury  in  the  test  tube,  taking  care  that  the 
whole  of  the  exposed  platinum  is  covered. 

Shake  up  the  paste  and  introduce  it  without  contact  with  the  upper  part  of  the 
walls  of  the  test  tube,  filling  the  tube  above  the  mercury  to  a  depth  of  rather  more 
than  1  centimeter. 

Then  insert  the  cork  and  zinc  rod,  passing  the  glass  tube  through  the  hole  pre- 
pared for  it.  Push  the  cork  gently  down  until  its  lower  surface  is  nearly  in  contact 
with  the  liquid.  The  air  will  thus  be  nearly  all  expelled,  and  the  cell  should  be  left 
in  this  condition  for  at  least  twenty-four  hours  before  sealing,  which  should  be  done 
as  follows: 

Melt  some  marine  glue  until  it  is  fluid  enough  to  pour  by  its  own  weight,  and  pour 
it  into  the  test  tube  above  the  cork,  using  sufficient  to  cover  completely  the  zinc  and 
soldering.  The  glass  tube  containing  the  platinum  wire  should  project  some  way 
above  the  top  of  the  marine  glue. 

The  cell  may  be  sealed  in  a  more  permanent  manner  by  coating  the  marine  glue, 
when  it  is  set,  with  a  solution  of  sodium  silicate,  and  leaving  it  to  harden. 

The  cell  thus  set  up  may  be  mounted  in  any  desirable  manner.  It  is  convenient 
to  arrange  the  mounting  so  that  the  cell  may  be  immersed  in  a  water  bath  up  to  the 
level  of,  say,  the  upper  surface  of  the  cork.  Its  temperature  can  then  be  determined 
more  accurately  than  is  possible  when  the  cell  is  in  air. 

In  using  the  cell  sudden  variations  of  temperature  should  as  far  as  possible  be 
avoided. 

The  form  of  the  vessel  containing  the  cell  may  be  varied.  In  the  H  form  the 
zinc  is  replaced  by  an  amalgam  of  10  parts  by  weight  of  zinc  to  90  of  mercury.  The 
other  materials  should  be  prepared  as  already  described.  Contact  is  made  with  the 
amalgam  in  one  1^  of  the  cell,  and  with  the  mercury  in  the  other,  by  means  of 
platinum  wires  sealed  through  the  glass. 
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CANADA. 

[Assented  to  Jtdy  28, 1894,  57-68  Vict,  c.  88.] 

Her  Majesty,  by  and  with  the  advice  and  consent  of  the  Senate  and  House  of 
Commons  of  Canada,  enacts  as  follows: 

1.  This  act  may  be  cited  as  The  Electrical  Units  Act, 

2.  The  units  of  electrical  measure  for  Canada  shall  be  the  following: 

(a)  As  a  unit  of  resistance,  the  ohm,  which  is  based  upon  the  ohm  equal  to  10* 

units  of   resistance  of  the  centimeter-gramme-second  system  of 
electro-magnetic  units,  and  is  represented  by  the  resistance  offered 
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to  an  unvarying  electric  current  by  a  column  of  mercury,  at  the  temperature  of 

melting  ice  14.4521  grammes  in  mass,  of  a  constant  cross-sectional  area  and  of  the 

length  of  106.3  centimeters. 

(6)  As  a  unit  of  current,  the  ampere,  which  is  one-tenth  of  the  unit  of  current 

.  of  the  oentimeter-gramme-second  system  of  electro-magnetic  units, 

and  is  represented  sufficiently  well  for  practical  use  by  the  unvary- 
ing current,  which,  when  passed  through  a  solution  of  nitrate  of  silver  in  water,  and 
in  accordance  with  the  specification  contained  in  schedule  1  to  this  act,  deposits  sil- 
ver at  the  rate  of  0.001118  of  a  gramme  per  second. 

(c)  As  a  unit  of  electromotive  force,  the  volt,  which  is  the  electromotive  force  that, 

steadily  applied  to  a  conductor  whose  resistance  is  1  ohm,  will 
produce  a  current  of  1  ampere,  and  which  is  represented  suffi- 
ciently well  for  practical  use  by  |JJf  of  the  electromotive  force  between  the  poles  or 
electrodes  of  the  voltaic  cell  known  as  Clark's  cell,  at  a  temperature  of  15°  centigrade 
and  prepared  in  accordance  with  the  specification  contained  in  schedule  2  to  this  act 

(d)  As  a  unit  of  quantity,  the  coulomb,  which  is  the  quantity 

of  electricity  transferred  by  a  current  of  1  ampere  in  one  second. 

y^.  (^)  As  a  unit  of  capacity,  the  farad,  which  is  the  capacity  of  a 

condenser  charged  to  a  potential  of  1  volt  by  1  coulomb. 
(/)  As  a  unit  of  work,  the  joule,  which  is  equal  to  10^  units  of  work  in  the  centi- 
meter-gramme-second system,  and  is  represented  sufficiently  well 
for  practical  use  by  the  energy  expended  in  one  second  by  1 
ampere  in  1  ohm. 

(g)  As  a  unit  of  power,  the  watt,  which  is  equal  to  10^  units  of  power  in  the 

centimeter-gramme-second  system,  and  is  represented  sufficiently 
well  for  practical  use  by  the  work  done  at  the  rate  of  1  joule  per 
second. 

{h)  As  a  unit  of  induction,  the  henry,  which  is  the  induction  in  a  circuit  when 

the  electro-motive  force  induced  in  that  circuit  is  1  volt,  while  the 
inducing  current  varies  at  the  rate  of  1  ampere  per  second. 
3.  The  units  of  electrical  measure  described  in  the  next  preceding  section,  or  such 
standard  apparatus  as  is  necessary  to  produce  them,  shall  be  deposited  in  the  Depart- 
ment of  Inland  Revenue  and  shall  form  part  of  the  system  of  standards  of  measure 
and  weight  established  by  The  Weights  and  Measures  Act. 

SCHEDULE  ONE. 

In  the  following  specification,  the  term  silver  voltameter  means  the  arrangement  of 
apparatus  by  means  of  which  an  electric  current  is  passed  through  a  solution  of 
nitrate  of  silver  in  water.  The  silver  voltameter  measures  the  total  electrical  quan- 
tity which  has  passed  during  the  time  of  the  experiment;  and  by  noting  this  time, 
the  time  average  of  the  current,  or,  if  the  current  has  been  kept  constant,  the 
current  itself,  can  be  deduced. 

In  employing  the  silver  voltameter  to  measure  currents  of  about  1  ampere,  the 
following  arrangements  should  be  adopted:  The  cathode  on  which  the  silVer  is 
to  be  deposited  should  take  the  form  of  a  platinum  bowl  not  less  than  10  centimeters 
in  diameter  and  from  4  to  5  centimeters  in  depth.  The  anode  should  be  a  plate  of 
pure  silver  30  square  centimeters  in  area  and  2  or  3  millimeters  in  thickness.  This 
is  supported  horizontally  in  the  liquid  near  the  top  of  the  solution  by  a  platinum 
wire  passed  through  holes  in  the  plate  at  opposite  corners.  To  prevent  the  disin- 
tegrated silver  which  is  formed  on  the  anode  from  falling  onto  the  cathode,  the 
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anode  should  be  wrapped  round  with  pure  filter  paper,  secured  at  the  back  with 
sealing  wax. 

The  liquid  should  consist  of  a  neutral  solution  of  pure  silver  nitrate,  containing 
about  16  parts  by  weight  of  the  nitrate  to  85  parts  of  water. 

The  resistance  of  the  voltameter  changes  somewhat  as  the  current  passes.  To  pre> 
vent  these  changes  having  too  great  an  effect  on  the  current,  some  resistance  besides 
that  of  the  voltameter  should  be  inserted  in  the  circuit.  The  total  metallic  resistance 
of  the  circuit  should  not  be  less  than  10  ohms. 

SCHEDULE  TWO. 

The  cell  consists  of  zinc  and  mercury  in  a  saturated  solution  of  zinc  sulphate  and 
mercurous  sulphate  in  water,  prepared  with  mercurous  sulphate  in  excess,  and  is 
conveniently  contained  in  a  cylindrical  glass  vessel. 

The  mercury. — ^To  secure  purity  it  should  be  first  treated  with  acid  in  the  usual 
manner,  and  subsequently  distilled  in  vacuo. 

The  zinc. — ^Take  a  portion  of  a  rod  of  pure  redistilled  zinc,  solder  to  one  end  a 
piece  of  copper  wire,  clean  the  whole  with  glass  paper,  carefully  removing  any  loose 
pieces  of  the  zinc.  Just  before  making  up  the  cell  dip  the  zinc  into  dilute  sulphuric 
acid,  wash  with  distilled  water,  and  dry  with  a  clean  cloth  or  filter  paper. 

The  zinc  sulphate  solution. — Prepare  a  saturated  solution  of  pure  (**pure  recrystal- 
lized")  zinc  sulphate  by  mixing  in  a  flask  distilled  water  with  nearly  twice  its 
weight  of  crystals  of  pure  zinc  sulphate,  and  adding  zinc  oxide  in  the  proportion  of 
about  2  per  cent  by  weight  of  the  zinc  sulphate  crystals  to  neutralize  any  free  acid. 
The  crystals  should  be  dissolved  with  the  aid  of  gentle  heat,  but  the  temperature  to 
which  the  solution  is  raised  should  not  exceed  30®  C.  Mercurous  sulphate  treated 
as  hereinafter  described  should  be  added  in  the  proportion  of  about  12  per  cent  by 
weight  of  the  zinc  sulphate  crystals  and  the  solution  filtered,  while  still  warm,  into 
a  stock  bottle.    Crystals  should  form  as  it  cools. 

The  mercurous  sulphate. — ^Take  mercurous  sulphate,  purchased  as  pure,  and  wash 
it  thoroughly  with  cold  distilled  water  by  agitation  in  a  bottle;  drain  off  the  water, 
and  repeat  the  process  at  least  twice.  After  the  last  washing,  drain  off  as  much  of 
the  water  as  possible. 

Mix  the  washed  mercurous  sulphate  with  the  zinc-sulphate  solution,  adding  sufii- 
cient  crystals  of  zinc  sulphate  from  the  stock  bottle  to  insure  saturation,  and  a  small 
quantity  of  pure  mercury.  Shake  these  up  well  together  to  form  a  paste  of  the 
consistence  of  cream.  Heat  the  paste,  but  not  above  a  temperature  of  30®  C.  Keep 
the  pelste  for  an  hour  at  this  temperature,  agitating  it  from  time  to  time,  then  allow 
it  to  cool,  continuing  to  shake  it  occasionally  while  cooling.  Crystals  of  zinc  sulphate 
should  then  be  distinctly  visible,  and  should  be  distributed  throughout  the  mass. 
If  this  is  not  the  case,  add  more  crystals  from  the  stock  bottle,  and  repeat  the  whole 
process.  This  method  insures  the  formation  of  a  saturated  solution  of  zinc  and 
mercurous  sulphates  in  water. 

Contact  is  made  with  the  mercury  by  means  of  a  platinum  wire  about  No.  22' 
gauge.  This  is  protected  from  contact  with  the  other  materials  of  the  cell  by  being 
sealed  in  a  glass  tube.  The  ends  of  the  wire  project  from  the  ends  of  the  tube;  one 
end  forms  the  terminal;  the  other  end  and  a  portion  of  the  glass  tube  dip  into  the 
mercury. 
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LEGAL  DEFINITION  OF  THE  ELECTRICAL  UNITS  IN 

GERMANY. 

[Law  of  June  1, 1898,  R.  G.  Bl.,  p.  905.] 

SEcnoN  1.  The  legal  unite  for  electrical  measurements  are  the  ohm,  ampere,  and 
volt. 
Sec.  2.  The  unit  of  electrical  resistance  is  the  ohm.    It  is  represented  by  the 

resistance  of  a  column  of  mercury,  at  the  temperature  of  meltinjsr 
ice,  of  uniform  cj*08s  section,  practically  equivalent  to  1  square 
millimeter,  of  a  length  of  106.3  centimeters,  and  of  a  mass  of  14.4521  grammes. 
Sbc.  3.  The  unit  of  current  is  the  ampere.    It  is  represented  by  the  unvarying 

electric  current  which  in  passing  through  an  aqueous  solution  of 

silver  nitrate  deposits  in  one  second  0.001118  grammes  of  silver. 

Sbc.  4.  The  unit  of  electro-motive  force  is  the  volt.     It  is  represented  by  the 

electro-motive  force  which  when  applied  to  a  conductor  having  a 
resistance  of  1  ohm  produces  a  current  of  1  ampere. 
Sbc.  6.  The  Bundesrath  is  empowered — 

(a)  To  fix  the  conditions  under  which  the  silver  is  to  be  deposited,  in  the  defini- 
tion of  the  ampere.     (Sec.  3. ) 

(6)  To  fix  designations  for  the  units  of  electric  quantity,  energy,  power,  capacity, 
and  inductance. 

(c)  To  prescribe  designations  for  the  multiples  and  submultiples  of  the  electrical 
units. 

(d)  To  fix  the  manner  in  which  the  strength,  electro-motive  force,  energy,  and 
power  of  alternating  currents  is  to  be  calculated. 

Sbc.  6.  According  to  this  paragraph  instruments  used  in  the  measurement  of 
electrical  power  for  commercial  purposes  must  have  their  indications  based  on  the 
legal  units.  The  use  of  incorrect  measuring  instruments  is  prohibited.  The  Bundes- 
rath is  empowered  to  fix  the  limits  of  tolerance  for  such  apparatus,  after  giving  a 
hearing  to  the  Physikalisch-Technische  Reichsanstalt 

The  Bundesrath  is  empowered  to  issue  regulations  concerning  the  official  verifica- 
tion and  periodic  reverification  of  measuring  apparatus. 

Sec.  7.  The  Physikalisch-Technische  Reichsanstalt  is  directed  to  construct  primary 
mercurial  resistance  standards  and  assume  responsibility  for  their  control  and  safe 
custody  at  different  places.  It  is  also  to  reverify  the  resistance  of  standards  of  solid 
metals  used  in  the  intercomparisons  by  an  annual  recomparison  with  the  mercurial 
standards. 

Sec.  8.  The  Physikalisch-Technische  Reichsanstalt  is  to  provide  for  the  issue  of 
officially  certified  standard  resistances  and  standard  cells  for  the  measurement  of 
current  and  electro-motive  force. 

Sec.  9.  The  official  testing  and  certification  of  electrical  measuring  instruments 
shall  be  carried  out  by  the  Physikalisch-Technische  Reichsanstalt.  The  Imperial 
Chancellor  may  intrust  this  authority  elsewhere.  All  standards  and  measuring 
apparatus  employed  in  official  verifications  must  be  certified  to  by  the  Physikalisch- 
Technische  Reichsanstalt. 

Sec.  10.  The  Physikalisch-Technische  Reichsanstalt  is  to  assume  the  responsibility 
that  the  official  testing  and  verification  of  electrical  measuring  apparatus  in  the 
German  Empire  shall  be  made  in  a  uniform  manner.  It  is  to  assume  the  technical 
supervision  of  the  inspection  service,  and  to  prescribe  all  technical  specifications 
concerning  the  same.    It  is  especially  to  determine  what  kind  of  measuring  instru- 
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ments  shall  be  admitted  to  official  verification,  to  adopt  regulations  concerning  the 
material,  construction,  or  designation  of  the  apparatus,  to  regulate  the  methods 
employed  in  the  testing  and  verification,  and  to  fix  the  fees  and  specify  the  seal  to 
be  employed. 

Sec.  11.  Measuring  apparatus  verified  in  accordance  with  this  law  may  be  used  in 
trade  in  any  part  of  the  Empire. 

Sec.  12.  Whoever,  engaged  in  the  industrial  supply  of  electrical  energy,  does  not 
comply  with  section  6,  or  the  regulations  based  thereon,  will  be  subjected  to  a  fine 
not  exceeding  100  marks,  or  imprisonment  not  to  exceed  four  weeks.  In  addition, 
the  incorrect  instruments,  or  the  instruments  not  complying  with  the  regulations, 
shall  be  subject  to  seizure. 

Sec.  13.  This  law  and  the  regulations  adopted  in  accordance  with  sections  6  and 
12  shall  take  effect  January  1,  1902;  the  remainder  on  the  date  of  its  promulgation. 

REGULATIONS  FOR  CARRYING  OUT  THE  LAW-  ISSUED  BY  THE 

BUNDESRATH. 

[Reichsgesetzblatt  No.  16, 1901,  June  1, 1898.] 

In  accordance  with  paragraph  5  of  the  law  defining  the  electrical  units  of  measure- 
ment (Reichsgesetzblatt,  p.  905),  the  following  specifications  are  adopted: 

1.  Conditions  under  which  the  silver  is  to  be  deposited  in  the  specification  of  the  ampere, 
(Sec.  5  a). — The  solution  shall  consist  of  from  20  to  40  parts  by  weight  of  pure  silver 
nitrate  in  100  parts  of  distilled  water  free  from  chlorine.  It  shall  not  be  used  after 
3  grammes  of  silver  are  deposited  from  100  cubic  centimeters  of  solution. 

All  parts  of  the  anode  in  contact  with  the  solution  shall  consist  of  pure  silver.  The 
cathode  shall  consist  of  platinum.  When  the  deposited  silver  exceeds  0.1  gramme 
per  square  centimeter  the  silver  is  to  be  removed. 

The  current  density  at  the  anode  shall  not  exceed  one-fifth,  and  at  the  cathode 
one-fiftieth  ampere  per  square  centimeter. 

Before  weighing,  the  cathode  is  first  to  be  rinsed  with  distilled  water  free  from 
chlorine  until  the  addition  of  a  drop  of  hydrochloric  acid  to  the  wash  water  produces 
no  opalescence.  The  cathode  is  then  to  be  soaked  for  ten  minutes  in  distilled  water 
at  70**  to  90°  C,  and  is  to  be  finally  washed  with  distilled  water.  The  last  wash 
water  after  cooling  must  not  become  opalescent  upon  the  addition  of  hydrochloric 
acid.  The  cathode  is  dried  by  the  aid  of  heat  and  kept  in  a  desiccator  until  it  is 
weighed,  which  shall  not  be  done  less  than  ten  minutes  after  cooling  off. 

2.  Designation  of  the  eledriccd  units  (sec.  6b) . —  (a)  The  quantity  of  electricity  flowing 
through  the  cross  section  of  a  conductor  in  one  second  when  the  current  in  the  same 
is  equal  to  1  ampere  is  called  an  ampere-second  (coulomb),  and  the  quantity  flowing 
in  one  hour  an  ampere  hour. 

(6)  The  power  corresponding  to  an  ampere  in  a  conductor  having  a  potential  dif- 
ference of  1  volt  between  its  terminals  is  called  a  watt. 

(c)  The  work  done  in  one  hour  when  the  power  is  equal  to  1  watt  is  called  a  watt 
hour. 

(d)  The  capacity  of  a  condenser  which  is  charged  by  an  ampere-second  to  1  volt  is 
called  a  farad. 

(e)  The  self-inductance  of  a  conductor  in  which  1  volt  is  induced  by  a  uniform 
change  in  the  current  of  1  ampere  per  second  is  called  a  henry. 
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3.  DmgnatUms  for  the  multiples  and  mbrntiUiplea  of  the  electncal  uniU  {sec.  6c). — ^The 
following  prefixes  to  the  name  of  a  unit  shall  have  the  following  meanings: 

Kilo 1,000  times 

Mega  (meg) 1,000,000  times 

Milli One  one-thousandth 

Micro  ( mikr ) One-millionth 

EXPLANATION  OF  THE  SPECIFICATIONS.     (Sec.  5a. ) 

1.  On  account  of  its  fundamental  importance  in  defining  unit  current,  the  silver 
voltameter  must  be  employed  under  prescribed  conditions  in  order  that  the  amount 
of  silver  deposited  will  give  the  correct  value  for  the  current  measured.  In  this 
connection  the  fact  is  to  be  considered  that  the  silver  solution  gradually  experiences 
a  yet  unexplained  change  by  the  long-continued  passage  of  an  electric  current,  by 
which  small  variations  in  the  amount  of  silver  deposited  are  produced.  Moreover, 
in  order  to  obtain  compact  deposits  of  silver  the  concentration  of  the  solution  and 
the  current  density  at  the  electrodes  must  be  confined  within  certain  limits.  Finally, 
on  account  of  the  sensitiveness  of  the  silver  solution  to  impurities  it  appeared  neces- 
sary to  prescribe  regulations  concerning  the  water  employed  in  washing,  and  in 
order  to  weigh  only  the  deposited  silver  to  specify  the  manner  of  washing. 

In  these  specifications  the  experiences  of  the  most  reliable  experimenters  have  been 
considered.  They  may  be  considered  not  only  entirely  sufficient  for  their  purpose, 
but  in  addition  they  are  possibly  somewhat  too  rigorous  for  practical  needs.  Since, 
however,  it  is  really  not  necessary,  except  in  rare  cases,  to  refer  current  measure- 
ments to  the  silver  voltameter,  aa  much  simpler  methods  are  available,  the  specifi- 
cations could  be  rigorously  drawn. 


LEGAL  DEFINITION  OF  THE  ELECTRICAL  UNITS  IN 

AUSTRIA. 

[Ordinance  No.  176,  Ministry  of  Commerce,  of  July  4, 1900.    Ck)nceming  the  testing  and  certifying  of 

electrical  supply  meters.] 

The  electrical  units  are  derived  from  the  fundamental  metrical  unite  of  length, 
mass,  and  time,  according  to  the  electro-magnetic  system  of  measurement,  taking 
the  centimeter  as  the  unit  of  length,  the  gramme  as  the  unit  of  mass,  and  the  mean 
solar  second,  of  which  there  are  86,400  in  a  mean  solar  day,  as  the  unit  of  time. 
The  resulting  unite  are  designated  as  unite  of  the  c  g.  s.  electro-magnetic  system 
(centimeter-grarame-second  system) . 
The  unit  of  resistance  is  the  ohm,  which  is  equal  to  10*  unite  of  resistance  of  the 

electro-magnetic  c.  g.  s.  system.     For  commercial  purposes  the 

ohm  may  be  considered  equal  to  the  resistance  offered  to  an 

unvarying  current  by  a  column  of  mercury  having  a  mass  of  |4.4521  grammes,  a 

length  of  106.3  centimeters,  at  the  temperature  of  melting  ice.     (No  reference  is 

made  to  a  uniform  cross  section  of  the  mercurial  colunm. ) 

The  unit  -of  current  is  the  ampere,  which  is  equal  to  the  one-tenth  part  of  the 

electro-magnetic  unit  of  current  of  the  c.  g.  s.  system.     For  com- 
mercial purposes  the  ampere  may  be  considered  equal  to  the 
value  of  an  unvarying  current  which  when  passing  through  an  aqueous  solution  of 
silver  nitrate  deposite  0.001118  gramme  silver  per  second. 
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The  unit  of  electromotive  force  is  the  volt,  which  ia  equal  to  that  electromotive 

force  which  acting  steadily  on  a  conductor  having  a  resistance  of 
1  ohm  produces  in  the  same  a  current  of  1  ampere. 

The  unit  of  power  is  the  watt,  which  is  equal  to  10^  units  of  power  of  the  c.  g.  s. 

system,  or  equal  to  the  power  corresponding  to  a  current  of  1 

^***'  ampere  at  an  electromotive  force  of  1  volt  (voltampere). 

The  comomb  is  equal  to  the  quantity  of  electricity  flowing  in  one  mean  solar  sec- 

-,    -     .  ond  through  a  conductor  carrying  a  current  of  1  ampere.    One 

m>OQ  lOm  Da 

ampere-hour  corresponds  to  3,600  coulombs. 
The  work  done  in  3,600  seconds  in  a  conductor  in  which  the  power  is  1  watt  is 

equal  to  1  watthour.  One  hundred  watthours  are  equal  to  1  hec- 
towatthour.    One  thousand  watthours  are  equal  to  1  kilowatthour. 


LEGAL  DEFINITION  OF  THE  ELECTRICAL  UNITS  IN 

FRANCE. 

[Decree  of  the  President,  April  25, 1896.] 

The  unit  of  electrical  resistance — the  ohm — is  the  resistance  offered  to  an  unvary 

ing  current  by  a  column  of  mercury  at  a  temperature  of  melting 
ice,  having  a  mass  of  14.4521  grammes,  a  constant  cross  section, 
and  a  length  of  106.3  centimeters. 
The  unit  of  current — ^the  ampere — is  the  one-tenth  of  the  electro-magnetic  unit  of 

current.    It  is  represented  sufficiently  well  for  practical  purposes 
by  the  unvarying  current  which  deposits  in  one  second  0.001118 
grammes  of  silver. 
The  unit  of  electro-motive  force — the  volt — is  the  electro-motive  force  which  pro- 

duces  a  current  of  1  ampere' in  a  conductor  having  a  resistance  of 
1  ohm.     It  is  represented  sufficiently  well  for  practical  purposes 
by  0.6974,  or  (if  JJ)  ^^  ^^^  electro-motive  force  of  the  Latimer  Clark  cell. 

SPECIFICATIONS  FOR  THE  SILVER  VOLTAMETER. 

The  specifications  for  the  silver  voltameter  are  the  same  as  those  adopted  by  the 
Chicago  congress,  with  the  exception  that  the  anode  is  to  be  supported  by  a  silver 
rod  instead  of  platinum  wires,  the  latter  having  been  found  to  be  a  source  of  varia- 
tions. In  addition,  the  directions  for  making  a  measurement  are  the  same  as  those 
given  in  the  English  law. 

SPECIFICATIONS  FOR  THE  STANDARD  CELL. 

The  specifications  for  the  standard  cell  are  the  Board  of  Trade  specifications,  which 
are  legalized  in  England. 
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PROPOSED  LAW  DEFINING  THE  ELECTRICAL  UNITS  FOR 

USE  IN  BELGIUM. 

There  is  established  for  the  Kingdom  a  single  system  of  electrical  units  having  as 
its  base  the  ohm,  the  ampere,  and  the  volt. 
The  ohm  is  the  resistance  offered  to  an  mivarying  current,  by  a  column  of  mercury 
Oh«.  **  *^*'  temperature  of  melting  ice,  having  a  mass  of  14.4521 

grammes,  a  constant  cross  section,  and  a  length  of  106.3  centimeters. 
The  ampere  is  represented  sufficiently  well  for  practical  purposes  by  the  intensity 

of  a  constant  current  which  precipitates  in  one  second  0.001118 
grammes  of  silver  from  an  aqueous  solution  of  silver  nitrate. 
The  volt  is  represented  by  the  electro-motive  force  which  pro- 
Toit,  duces  a  current  of  1  ampere  in  a  conductor  of  which  the  resistance 

is  1  ohm. 
The  denominations  of  the  derived  electrical  units,  especially  the  units  of  energy 

and  power,  shall  be  fixed  by  royal  decree.    Multiples  and  sub- 
multiples  of  the  legal  units  may  likewise  be  fixed. 
Within  two  years  after  the  promulgation  of  the  law  practical  standards  in  con- 
formity with  the  l^al  system  of  units  shall  be  established  by  a  special  commission 
named  by  the  King. 

The  custody  and  periodic  verification  of  these  standards  shall  be  entrusted  to  the 
minister  of  industry  and  labor. 


PROPOSED  LAW  DEFINING  THE  ELECTRICAL  UNITS  IN 

SWITZERLAND. 

The  law  proposed  by  the  Swiss  Electro-Technische  Verein,  and  drawn  up  by  the 
president  of  the  commission  on  inspection  service  and  units  of  measurement,  is  sub- 
stantially the  same  as  the  German  law. 


OTHER  COUNTRIES. 

In  Mexico  no  electrical  units  have  been  legalized,  but  a  bill  is  under  consideration 
defining  the  electrical  units,  which  at  the  suggestion  of  the  Bureau  of  Standards  will 
be  so  worded  that  any  modifications  adopted  at  St.  Louis  may  be  made. 

In  Norway,  Sweden,  Denmark,  Netherlands,  Portugal,  Italy,  Japan,  and  Russia 
no  units  have  been  legalized. 

No  definite  information  has  been  obtained  from  Spain. 


THE  SPECTRA  OF  MIXED  GASES. 


By  P.  G.  Nutting. 


Early  in  spectroscopic  work  it  was  observed  that  mixed  gases  fre- 
quently gave  the  spectrum  of  a  heavy  metallic  component  more 
strongly  than  that  of  a  lighter  component.  In  1878  E.  Wiedemann" 
described  experiments  with  mercury  and  sodium  in  hydrogen  and 
nitrogen.  He  proved  that  the  intensities  of  the  metallic  spectra  were 
out  of  all  proportion  to  the  relative  amounts  of  metallic  vapor  present. 
It  is  a  matter  of  common  experience  in  preparing  Plucker  tubes  to 
exhibit  metallic  spectra  that  as  soon  as  the  tube  is  heated  sufficiently 
to  vaporize  the  contained  metal,  the  spectrum  of  the  lighter  gas  filling 
the  tube  disappears.  Recently  Professor  Lewis  has  shown  *  that  when 
mercury  vapor  is  present  in  a  tube  of  hydrogen  it  will  reduce  the 
hydrogen  spectrum  to  about  half  its  original  intensity  when  but  one 
molecule  of  mercury  to  three  thousand  of  hydrogen  are  present.  It 
is  well  known  that  the  cadmium  spectrum  will  swamp  that  of  hydro- 
gen long  before  the  cadmium  is  even  melted.  The  red  lines  of  the 
two  spectra  are  equal  at  a  temperature  of  about  200^  C. 

At  first  thought  we  should  say  in  explanation  that  the  vapor  of  a 
metal  would  be  a  better  electrical  conductor  than  that  of  a  nonmetal, 
and,  carrying  the  most  of  the  current,  would  show  the  brightest 
spectrum.  But  this  hypothesis  is  clearly  untenable.  Although  gas 
conductivities  have  not  yet  been  accurately  determined  nor  yet  even 
defined,  it  is  well  known  that  under  the  same  conditions  metallic 
vapors  do  not  differ  widely  from  nonmetallic  vapors  and  the  per- 
manent gases  in  conducting  power.  And  even  then,  why  should  the 
vast  majority  of  lighter  molecules  be  left  idle  as  soon  as  a  few  of  the 
heavier  molecules  are  present? 

Taking  up  the  problem  at  this  point,  it  was  quickly  shown  that 
metallic  character  has  little  if  anything  to  do  with  spectral  predom- 
inance.    Sulphur  and   iodine  are   nearly  as   effective  in   swamping 

oE.  Wiedemann:  Wied.  Ann.,  5,  pp.  500-624;  1878. 

f>  P.  Lewis:  Astroph.  J.,  10,  pp.  137-163;  1899.    Ann.  d.  Phys.,  2,  pp.  447-458;  1900. 

77 


78  BULLETIN   OF   THE   BUKEAU    OF   STANDARDS,      [vol.  l.  no.  L 

hydrogen  and  nitrogen  as  are  mercury  and  cadmium.  Further,  a 
nonmetallic  vapor  may  swamp  a  metallic.  This  was  shown  by  a 
combination  of  sodium  with  bromine  and  iodine  vapors.  Iodine  was 
found  to  be  much  more  effective  than  chlorine,  and  this  suggested 
that  atomic  weight  might  be  the  ruling  factor.  This  view  was  con- 
firmed by  all  the  evidence  obtained.  Even  the  persistent  mercury 
spectrum  may  be  displaced  by  the  slightly  heavier  thallium,  iodine 
easily  swamps  chlorine  and  sulphur,  while  any  of  the  heavier  metals 
displaces  sodium,  itself  so  persistent  in  lighter  gases.  In  all,  about 
eighty  combinations  of  the  fifteen  available  vaporizable  elements  were 
tested  without  any  contradictions  to  the  atomic  weight  law  being  discov- 
ered; but  several  combinations  like  cadmium  and  indium,  oxygen  and 
nitrogen,  of  elements  of  nearly  equal  atomic  weight  would  require  a 
more  accurate  determination  of  relative  pressure  and  spectral  energy 
to  be  used  in  evidence.  The  law  may  be  stated  thus:  In  the  spectrum 
of  a  mixture  of  gases,  other  things  being  equal,  the  spectTum  of  the 
gas  of  greater  atomic  weight  will  he  brighter.  This  applies  to  such 
simple,  moderate,  fairly  homogeneous  excitation  as  we  have  in  a 
Plucker  tube  containing  gases  under  a  pressure  of  from  0.1  mm  to  10 
mm  carrying  a  current  of  not  more  than  10  milliamperes.  "Outside 
these  lin&its,  the  atomic-weight  effect  is  always  less — i.  e.,  the  intensi- 
ties of  the  spectra  are  more  nearly  in  proportion  to  the  relative 
amounts  of  the  gases  present.  With  excessive  excitation,  say  with 
more  than  one-twentieth  microfarad  capacity  in  parallel  with  the  tube 
of  gas,  secondary  spectra  are  produced  and  the  relative  intensity  of 
secondary  spectra  appears  to  depend  only  on  the  relative  numbers  of 
the  two  kinds  of  atoms  present.  In  the  luminous  portions  of  the  arc  and 
spark,  conditions  of  pressure,  current  density,  etc.,  are  so  complex 
that  a  test  is  almost  hopeless,  but  there  are  many  indications  that  the 
atomic-weight  law  of  spectral  partition  holds  here  as  well. 

The  greater  part  of  the  work  here  described  was  done  with  small 
Plucker  tubes  excited  by  a  2, 000- volt  alternating  current.  Sometimes 
a  small  induction  coil  was  used.  Tests  of  easily  vaporizable  sub- 
stances were  repeated  with  tubes  having  external  electrodes.  Other 
tests  were  repeated  with  small  electrodeless  tubes  excited  by  electric 
waves  from  a  Seibt  quarter  wave  resonance  apparatus.  Spectra  were 
examined  with  a  small  direct  vision  spectroscope.  On  account  of  the 
greater  ease  in  identifying  and  comparing  spectra,  a  low  dispersion  is 
preferable.  Except  in  a  few  instances,  the  effects  to  be  observed  were 
so  pronounced  that  no  accurate  photometry  nor  measurements  of  the 
relative  amounts  of  gases  present  were  necessary.  Sometimes  the  two 
specti-a  were  brought  to  equality  and  relative  pressure  estimated,  and 
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sometimes  the  tube  was  filled  with  nearly  equal  quantities  of  the  two 
vapors  and  relative  spectral  energies  estimated.  A  list  of  the  tests 
made  is  given  below.  A  plus  sign  indicates  that  tests  were  made  and 
that  the  results  obtained  confirmed  the  atomic  weight  law.  A  paren- 
thesis indicates  that  more  accurate  measurements  of  pressure  and 
spectral  energy  are  necessary  to  decide  spectral  predominance  for 
equal  proportions.     Where  spaces  are  left  blank  no  tests  were  made. 

Atwt.     El  Tl  Hg  I  Te  In  Cd  Br  Se  Zn    CI      S  Na     O      N 

1 H  +  +  +  +  +  +  +  +  +     +     +  +     +     + 

14 N  +  +  +  +  +  +  +  +  +      +      +  +(+) 

16 0  -t-  +  +  '(+)+  + 

23 Na  +  +  +  +  +  +  +  +     + 

32 S  +  +  +  +  +  +  +  +  +(+) 

35 CI  +  +      +  +     + 

65 Zn  -f  +  + 

79 Se  +  +      +      +      +     + 

80 Br  -f  4-      +  + 

112 Cd  +  +      +  (+) 

114 In  +  +      + 

125 Te 

127 1  +  + 

200 Hg  (+) 

204 Tl 

In  addition  to  these  results  may  be  cited  the  work  of  Collie  and 
Ramsay  "  on  mixtures  of  argon  and  helium.  They  found  that  a  little 
argon  mixed  with  helium  showed  the  spectrum  of  the  former  strongl}', 
while  a  small  percentage  of  helium  in  argon  showed  but  a  faint  helium 
spectrum. 

Chemical  combination  occurs  in  the  vast  majority  of  cases,  but  com- 
pound spectra  occut  only  in  the  case  of  a  few  halides.  Chemical  com- 
bination, however,  appears  to  have  no  effect  on  the  relative  spectral 
energies  of  the  components,  just  as  though  the  electrical  excitation  in 
all  cases  produces  a  completely  nascent  state  of  each  atom  before 
luminescence  occure.  *li  we  start  with,  say,  hydrogen  and  sulphur, 
vaporize  the  sulphur  and  then  allow  the  tube  to  cool  while  the  dis- 
charge is  passing,  we  get  no  spectrum  other  than  those  of  hydrogen 
and  sulphur  during  the  process,  and  no  trace  of  H^S  on  opening  the 
tube.  The  result  is  the  game  when  we  till  the  tube  with  HjjS  at  the 
start.  Similarly  with  black  mercur}'^  sulphide,  except  that  a  heavy 
deposit  of  sulphide  remains.  Even  with  the  cadmium-oxygen  combi- 
nation, where  the  product  can  not  be  kept  vaporized,  the  two  spectra 
may  be  observed  superposed   during  combination.     But  with  the 

aProc.  Roy.  Soc.,  59,  pp.  257-270;  1896. 
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mercury  halides  a  strong  band  appears,  brighter  even  than  the  mer- 
cury spectrum.  The  halogen  spectrum  remains  visible  as  well  as  the 
mercury,  evidently  in  proportion  to  the  atomic  weights  of  these  sub- 
stances, but  the  compound  spectrum  is  brighter  than  either,  possibly 
in  proportion  to  the  molecular  weight  of  the  compound.  It  would  be 
in  accord  with  theory  if  the  spectra  of  compounds  followed  a  molecu 
lar  weight  law,  but  too  few  compound  spectra  exist  to  give  it  much 
weight.  Varying  the  pressure  over  quite  a  range  does  not  generally 
affect  the  preponderance  of  one  spectrum  over  another.  But  at  very 
high  or  very  low  pressure  the  spectrum  of  the  lighter  gas  is  stronger 
in  proportion  than  at  intennediate  pressures.  Changes  in  tempera- 
ture have  little  effect  so  long  as  all  components  and  products  remain 
vaporized. 

Changes  in  current  density  over  quite  a  wide  range  do  not  affect 
the  spectral  preponderance.**  But  an  excessive  current  density  was 
found  to  increase  the  relative  intensity  of  the  lighter  gas  in  every 
case  observed.  This  test  was  made  with  some  special  Pliicker  tubes 
having  a  third  bulb  in  the  middle  of  the  capillary.  Though  the  cen- 
tral bulb  had  several  hundred  times  the  cross  section  of  the  neigh- 
boring capillary  the  spectra  of  the  two  portions  never  differed  greatly. 
Excessive  current  density  of  course  produces  an  excessive  electrical 
excitation  of  the  atom  much  as  the  addition  of  capacity  does.  Hence 
heavy  currents  tend  to  produce  secondary  spectra  and  hence  a  division 
of  spectral  energy  in  proportion  to  the  relative  numbers  of  the  two 
kinds  of  atoms  present.  The  effect  of  introducing  inductance  or 
resistance  with  the  capacity  appears  to  be  merely  to  partly  neutralize 
the  effect  of  the  capacity,  i.  e.,  to  favor  the  preponderance  of  the 
spectrum  of  the  gas  of  greater  atomic  weight. 

Frequently  portions  of  one  spectrum  will  swamp  the  nearest  lines 
of  the  other  spectrum  first.  This  effect  is  most  marked  in  combina- 
tions of  some  metallic  vapor  with  nitrogen  or  a  halogen.  Combina- 
tions with  the  sulphur  group,  however,  show  no  trace  of  this  effect. 
Thallium  appears  to  weaken  the  distant  (red)  oxygen  lines  most. 

No  attempt  at  quantitative  work  has  been  made,  nor  any  attempt  to 
establish  a  quantitative  relation  between  spectral  preponderance  and 
atomic  or  molecular  weight.  Judging  by  the  work  here  described, 
relative  spectral  energy  might  well  be  proportional  to  atomic  weight; 
it  certainly  is  not  less  but  may  be  more  than  proportional. 

In  obtaining  pure  spectra,  then,  impurities  of  high  atomic  weight 
are  to  be  particularly  avoided.  In  working  with  the  spectra  of 
gases  or  vapors  of  great  atomic  weight,  the  presence  of  impurities 

a  See  Ferry:  Phys  Rev.,  7,  p.  305;  1S98. 
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of  low  atomic  weight  will  be  of  little  consequence.  For  detecting 
spectroscopically  small  amounts  of  vapors  of  large  atomic  weight,  the 
primary  spectrum  is  most  favorable.  If,  however,  it  is  desired  to 
detect  a  small  amount  of  a  light  gas  mixed  with  a  heavier,  it  is  best 
to  work  with  secondary  spectra. 

In  conclusion  it  may  be  well  to  call  attention  to  the  simple  explana- 
tion of  the  phenomena  observed  aflforded  by  modern  theories  of  gas 
conduction.  Consider  a  current  consisting  of  a  convection  of  charged 
particles.  Consider  luminous  and  ultra  violet  radiation  as  due  to 
vibrations  of  the  electrons  composing  the  atom.  Excitation  would  be 
due  the  impact  of  electrons,  largely  negative.  The  larger  atoms  would 
not  only  be  hit  most  frequently,  but  would  shield  the  smaller  atoms 
from  impact  by  the  moving  negative  electrons.  At  very  low  pressures 
the  shielding  action  would  be  less  in  proportion.  Irregular  heat  motion 
involving  atomic  and  molecular  impact  would  have  little  effect  on  either 
total  or  relative  excitation.  Increasing  the  current  would  increase  the 
number  of  exciting  electrons  and  hence  the  luminosity  in  proportion. 
The  relative  excitation  (of  large  and  small  atoms)  ^  would  remain 
unchanged,  while  the  total  excitation  would  be  proportional  to  the 
current.  While  with  moderate  currents  probably  but  a  single  elec- 
tron (if  any)  is  torn  from  an  atom,  excessive  currents  might  still 
further  break  up  the  atom  and  so  produce  a  more  and  more  continu- 
ous spectrum.  In  the  rare  instances  of  molecules  so  stable  as  to  with- 
stand having  a  fourth  of  their  charge  suddenly  torn  away,  the  electrons 
in  the  combined  atoms  might  still  be  able  to  vibrate  but  with  altered 
and  greatly  damped  vibrations.  The  large  molecules  would  receive 
greater  excitation  than  any  atoms  present.  Hence  compound  spectra, 
when  they  do  occur,  are  banded  and  relatively  intense.  Oscillating 
discharges  would  excite  the  smaller  atoms  relatively  more  than  con- 
tinuous currents. 

If  the  exciting  negative  electrons  are  all  alike  no  matter  from  what 
atoms  they  are  torn,  one  can  not  properly  speak  of  the  current  being 
carried  by  one  gas  of  a  mixture  more  than  by  another.  Distribution 
of  spectral  energy  would  not  then  be  a  matter  of  distribution  of 
current. 

4825— No.  1—04 6 


OU  SECONDARY  SPECTRA  AND  THE  CONDITIONS  UNDER 

WHICH  THEY  MAY  BE  PRODUCED. 


By  P.  G.  Nutting. 


Since  early  in  the  development  of  spectroscopy  ^  it  has  been  well 
known  that  some  of  the  elementary  gases  electrically  excited  give  two 
entirely  different  spectra.  One  of  these,  called  by  Plucker  and  Hit- 
torf  the  primary  spectrum,  usually  consists  of  a  large  number  of 
broad  lines  well  distributed  over  the  whole  visible  and  neighboring 
ultra  violet  spectrum.  The  secondary  spectrum,  on  the  other  hand, 
consists  usually  of  but  few  lines,  and  these  very  prominent.  It  is  the 
spectrum  obtained  when  capacity  is  connected  in  parallel  with  the 
tube.  The  two  spectra  are  easily  obtained  with  an  ordinary  Plucker 
tube  having  not  too  long  nor  too  fine  a  capillary  and  containing  nitro- 
gen, sulphur,  or  iodine  vapor  at  a  pressure  of  from  2  to  10  millimeters. 
With  a  large  condenser  (at  least  one-twentieth  microfarad)  in  parallel, 
such  a  tube  shows  a  secondary  spectrum;  without  the  condenser  it 
shows  the  primary  spectrum  if  the  current  be  not  excessive.  Some 
gases  which  exhibit  secondary  spectra  also  show  anode  and  cathode 
glows  having  quite  different  spectra.  The  present  investigation  was 
undertaken  to  separate,  in  the  Mendeleef  system,  those  elements  which 
show  multiple  spectra  from  those  that  do  not,  and  to  determine  what 
conditions  govern  the  production  of  secondary  spectra. 

Starting  with  the  seventh  group  of  the  periodic  system,  it  was  found 
that  chlorine,  bromine  and  iodine,  all  of  the  group  that  could  be 
worked  with,  gave  multiple  spectra.  The  effect  is  particularly  strik- 
ing with  bromine  and  iodine.  Likewise  all  of  the  sixth  group  available 
gave  multiple  spectra,  namely  oxygen,  sulphur,  selenium  and  tellu- 
rium.    In  the  fifth  group  nitrogen,  phosphorus  and  arsenic  exhibit 

«  Plucker  and  Hittorf :  "On  the  Spectra  of  Ignite<l  Gases  and  Vapors,  with  Special 
Regard  to  the  Different  Spectra  of  the  Same  Elementary  Gaseous  Substance." 
Phil.  Trans.,  155,  pp.  1-29;  1866. 
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multiple  spectra  while  bismuth  does  not.  With  arsenic,  however, 
the  primary  (anode)  and  secondary  spectra  have  two  prominent  green 
lines  in  common.  In  the  fourth  group  only  the  more  metallic  ele- 
ments— tin  and  lead — could  be  used  in  a  Plucker  tube.  The  spectra 
of  these  was  found  not  to  change  on  connecting  a  condenser  in  shunt. 
In  the  third  group  aluminum,  indium  and  thallium;  and  in  the  second 
group  magnesium,  zinc,  cadmium,  and  mercury  give  only  line  spectra 
and  these  are  not  essentially  altered  by  capacity  in  parallel.  Hydro- 
gen excepted,  the  first  group  shows  only  single  spectra.  Without 
taking  up  the  much-discussed^  question  of  the  r61e  of  water  vapor  in 
gas  conduction,  from  the  point  of  view  of  multiple  spectra  the  evi- 
dence is  very  strong  that  the  fine-line  spectrum  of  hydrogen  is  a  true 
primary  spectrum  while  the  "four-line"  is  a  true  secondary.  The 
latter  is  relatively  enhanced  under  the  same  conditions  that  bring  out 
the  secondary  spectra  of  other  multiple-spectra  elements.  The  pri- 
mary and  secondary  spectra  of  other  elements,  notably  chlorine  and 
bromine,  may  be  made  to  coexist  in  the  same  way,  and  the  presence  of 
water  vapor  certainly  favors  the  preponderance  of  the  secondary  spec- 
tra of  other  elements  as  well  as  of  hydrogen.  Oxygen  and  sulphur 
are  striking  examples. 

In  the  helium  group  there  are  wide  differences.  Helium  itself 
shows  but  a  single  spectrum.  Anode  and  cathode  glows  give  iden- 
tical spectra  and  both  remain  practically  unchanged  on  the  passage  of 
the  condenser  discharge.  Argon,  however,  shows  at  least  four  widely 
different  spectra.  The  red  primary  (anode)  and  blue  secondary 
spectra  have  been  described  by  several  observei*s.*  But  the  cathode 
glow  shows  quite  a  different  spectrum  from  the  anode  (capillary)  glow. 
With  low  dispersion  it  appears  nearly  continuous  in  the  yellow,  green 
and  blue,  while  the  strong  red  line  and  violet  group  of  the  anode  glow 
are  lacking.  When  the  blue  condenser  discharge  is  produced  in  the 
capillary  there  is  a  buff-colored  glow  in  the  bulbs  at  either  end.  The 
spectrum  of  this  glow  shows  the  blue  group  lacking,  but  the  yellow 
group  of  the  red  primary  anode  spectrum  present.  This  difference 
between  bulb  and  capillary  spectra  can  hardly  be  I'egarded  as  other 
than  a  current  density  effect,  since  this  is  the  chief,  if  not  the  only, 
difference  in  the  excitation.  As  we  should  expect,  the  bulb  spectrum 
with  condenser  is  intermediate  between  the  capillary  spectrum  with 

«Callendar:  Nat.  56,  p.  624;  1897.  Trowbridge:  Phil.  Mag.  [6],  2,  p.  370;  1901.  P. 
Lewis:  Phil.  Mag.  [6],  8,  p.  512;  1902,     Parsons:  Astroph.  J.,  18,  p.  112;  1903. 

^Trowbridge  and  Richards:  Phil.  Mag.  [5],  48,  p.  77;  1897.  Kayser:  Berlin  Akad., 
1896;  Travers.  Expl.  Study  of  Gases,  1901,  p,  312. 

«Baly:  Chem.  News,  88,  p.  26;  1903. 
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condenser  and  the  red  capillary  spectrum  without  condenser.  Of 
neon,  krypton,  and  zenon  only  the  spectra  of  the  two  latter  ar^  said 
to  be  seriously  affected  by  the  addition  of  a  condenser/  No  differ- 
ences between  anode  and  cathode  capillary  and  bulb  spectra  appear  to 
have  been  recorded. 

In  the  accompanying  Mendeleef  table  the  elements  showing  multiple 
specti^a  are  indicated  by  heavy-faced  type.  Elements  showing  distinct 
anode  and  cathode  spectra  are  bracketed. 
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Excepting  then  the  anomalous  helium  group  and  hydrogen,  we  may 
say  that  in  genei'al,  so  far  as  observations  go,  the  dcld-foimiing  elements 
have  multiple  spectra^  while  metallic  elements  do  not. 

Most  metallic  spectra  are  greatly  altered  by  the  addition  of  capacity, 
it  is  true,  but  the  changes  produced  are  by  no  means  comparable  with 
the  change  from  primary  to  secondary,  while  metallic  spectra,  by 
every  test  known,  are  already  secondary  spectra  before  adding 
capacity.  They  are  series  spectra,  show  the  Zeeman  effect  and  the 
displacement  effect  due  to  pressure,  and  the  new  lines  brought  in  by 
added  capacity  are  of  the  same  (secondary)  character.  That  so  many 
metallic  vapors  exhibit  banded  absorption  spectra  would  seem  to  indi- 
cate that  metals  may  have  primary  spectra  as  well  as  nonmetals,  but 
if  so  they  are  to  be  sought  in  the  electrodeless  discharge  and  cathode 
luminescence  where  the  excitation  is  very  feeble,  rather  than  in  the 
condenser  discharge.  Nor  would  the  oxyhydrogen  flame,  banded 
spectm  of  the  metals  studied  by  Hartley  and  Ramage  be  comparable 
with  primary  spectra.  In  these  spectra  the  lines  of  the  series  spectra 
simply  become  the  heads  of  the  bands  in  the  flame  spectra,  while  the 
lines  of  a  true  secondary  spectrum  appear  to  have  no  relation  to  the 
bands  of  the  corresponding  primary.  Another  notable  distinction 
between  the  spectra  of  electro-negative  and  electro-positive  elements 
is  that  the  former,  both  primary  and  secondary,  are  remarkably 
invariant,  while  it  is  diflScult  to  obtain  the  spectrum  of  a  metal  twice 
alike. 
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Why  should  a  condenser  discharge  produce  a  secondary  spectrum? 
The  oscillation  frequency  of  a  condenser  is  so  much  less  than  the  fre- 
quency of  collision  of  an  electron  in  a  gas  at  1  mm  pressure^  that  an 
electron  must  collide  a  great  number  of  times  before  the  impelling 
force  is  reversed.  Hence  the  oscillatory  nature  of  the  discharge  per 
86  could  have  little  effect  on  the  spectrum  of  a  gas.  On  the  other 
hand,  the  current  densit}'  during  discharge  is  thousands  of  times  as 
great  as  during  the  steady  flow  of  the  same  current.  In  testing  other 
gases  for  the  effect  of  excessive  current  density,  specially  designed 
Pliicker  tubes  were  used.  One  form  had  a  very  fine  (thermometer) 
capillary  and  hollow  cylindrical  electrodes;  another  had  a  third  bulb 
interposed  in  the  middle  of  the  capillary.  In  this  way  the  current 
density  could  be  increased  a  hundred  or  thousand  times  in  parts  of  the 
tubes.  Bromine,  iodine,  and  hydrogen  easily  show  the  current  den- 
sity effect  within  the  range  of  current  that  a  conmion  glass  tube  will 
carry.  The  primary  spectrum  changes  continuously  over  into  the 
secondary  spectrum  as  the  current  is  increased.  Nitrogen  and  the 
sulphur  group  failed  to  show  the  secondary  spectrum  with  the  largest 
steady  currents  that  glass  tubes  could  carry.  Argon  is  so  sensitive  to 
changes  in  current  density  that,  in  conjunction  with  a  pocket  spectro- 
scope, it  might  be  used  as  a  milliammeter. 

It  was  further  undertaken  to  determine  how  much  capacity  was 
necessary  to  just  produce  the  secondary  spectrum  in  different  gases, 
how  this  critical  capacity  varies  with  the  spectral  wave  length,  with 
the  density  of  the  gas,  the  amount  of  inductance  and  resistance  in 
circuit,  distance  apart  of  electrodes,  and  sectional  area  of  the  dis« 
charge.  In  this  work  photographic  methods  were  employed  through- 
out. «  Spectra  obtained  under  varied  conditions  were  photographed 
side  by  side  on  the  same  plate  so  that  the  minutest  changes  could  be 
observed  and  followed.  For  this  purpose  a  large  model  Fuess'  quartz 
spectrograph  was  used.  This  was  provided  with  a  large  flint  glass 
prism  giving  a  spectrum  about  15  cm  long  from  300  to  600)M)m.  Ten 
or  more  spectm  could  be  recorded  on  the  same  plate.  A  large  glass 
condenser  was  used,  composed  of  20  plates  well  separated  and  pro- 
vided with  mercury  cups,  so  that  the  capacity  could  be  varied  by  a 
plate  at  a  time.  Current  was  supplied  by  transformers  of  1,000,  2,000 
and  5,000  volts,  and  by  a  set  of  generators  giving  5,000  volts  con- 
tinuous current.  For  inductance,  a  Seibt  tuning  solenoid  of  120 
turns  20  cm  in  diameter  was  used.  The  greater  part  of  the  work  was 
done  with  ordinary  short,  stout  Plucker  tubes  made  by  Boehm,  of 
Chicago.     These  had  electrodes  about  4  cm  apart,  and  capillary  por- 

oDa\i8:  Phys.  Rev.,  17,  p.  501;  Dec.,  1903. 
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tioDs  2  mm  in  diameter  and  12  mm  long.  Some  of  the  work  was  done 
with  tubes  without  any  central  constriction.  To  keep  the  pressure  of 
the  inclosed  gas  more  nearly  constant,  a  half  liter  bulb  was  sealed  to 
each  tube  while  in  use. 

With  a  tube  of  air  at  13  mm  pressure  spectra  were  photographed 
with  capacities  of  0.12, 0.09,  0.06, 0.03  microfarad  and  with  no  capacity 
in  parallel.  A  sudden  change  from  secondary  to  primary  spectrum 
was  found  to  occur  at  a  capacity  of  about  0.05  microfarad,  equivalent 
to  that  of  about  14  one-gallon  Leyden  jars.  Adding  capacity  indefi- 
nitely above  0.06  microfarad  produced  little,  if  any,  effect,  nor  do  sec- 
ondary lines  usually  appear  in  the  primary  spectrum  until  the  capacity 
is  nearly  0.03  microfarad. 

Critical  capacity  and  wa/oe  length, — Drawing  a  line  separating  pri- 
mary and  secondary  spectra  on  the  photographic  plate  (see  PI.  I)  the 
ordinates  of  the  curve  represent  roughly  critical  capacity,  abscissas 
wave  length.  The  curve  drops  off  very  steeply  on  the  short  wave 
length  end  in  spite  of  the  greater  dispersion,  indicating  that  for  waves 
perhaps  not  shorter  than  300/i/i  the  critical  capacity  becomes  infinite. 
Critical  capacitv  expressed  as  a  function  of  wave  length  appears  to  be 
of  the  form 

J 

C=ae  ^-^ 
Approximate  numerical  results  for  air  are  given  in  the  table: 


PreflRnre. 

Wave  length  in  ////. 

350. 

450. 

550. 

760  mm 

Microfarad. 

0.02 

0.07 
>  0.15 

Microfarad. 
0.01 
0.03 
0.06 

Microfarad. 
<  0.006 

0.02 

0.03 

20  mm 

1  mm................ 

Critical  capacity  amd  pressure. — ^The  critical  capacity  increases 
slightly  as  the  pressure  decreases  down  to  about  2  mm  air  pressure, 
when  it  suddenly  becomes  infinite,  i.  e.,  no  amount  of  capacity  (with- 
out an  external  spark  gap  in  series)  will  cause  the  secondary  spectrum 
to  appear.  With  spark  gap,  secondary  spectra  may  be  obtained  at 
pressures  of  but  a  few  tenths  of  a  millimeter,  nearly  to  the  pressure  at 
which  cathode-ray  fluorescence  appears.  This  critical  minimum  pres- 
sure at  which  the  disruptive  discharge  becomes  possible  is  considerably 
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lower  for  hydrogen  (about  1  mm),  but  depends  on  the  condition  of  the 
surface  of  the  electrodes  and  the  presence  of  impurities.  At  high 
pressures  the  critical  capacity  continues  to  gradually  decrease.  With 
a  spark  in  open  air,  either  the  primary  or  secondary  nitrogen  spec- 
trum may  be  obtained  according  to  the  electrical  conditions  in  circuit. 
Using  a  special  tube  the  distance  apart  of  whose  electrodes  could  be 
varied  to  suit  the  potential  (5,000  volts)  employed,  the  critical  capacity 
of  air  and  of  hydrogen  was  observed  at  various  pressures  up  to  atmos- 
pheric pressure.  At  atmospheric  pressure  it  was  found  to  be  about 
one-fourth  what  it  was  at  10  mm  pressure.  The  critical  capacity 
appears  to  be  roughly  inversely  proportional  to  the  cube  root  of  the 
pressure,  or  directly  proportional  to  the  mean  distance  apart  of  the 
molecules. 

Critical  capacity  and  nature  of  the  gas, — Hydrogen,  sulphur,  nitro- 
gen, oxygen,  bromine,  and  iodine  were  tested  and  the  critical  capacity 
found  to  be  practically  the  same  for  all  for  the  same  pressure  and 
wave  length.  Critical  capacity  is  more  sharply  marked  in  sulphur, 
nitrogen,  and  iodine.  With  hydrogen  the  lines  of  the  secondary 
(four-line)  spectrum  invariably  appear  in  the  primary  (many-line) 
spectrum,  the  capacity  of  the  wires  leading  to  the  tube  being  a  con- 
siderable factor  in  their  dominance.  All  the  substances  show  the 
same  great  increase  in  critical  capacity  for  the  very  shoii:  wave 
lengths  and  decrease  with  increasing  pressure. 

Critical  capacity  appears  to  be  nearly  or  quite  independent  of  the 
voltage  employed  (up  to  5^000  volts)  and  of  the  distance  apart  of  the 
electrodes.  Tests  were  made  with  the  electrodes  at  various  distances 
down  to  3  mm  apart.  At  much  shorter  distances  the  metallic  lines 
from  the  electrodes  become  prominent  at  high  pressure.  Critical 
capacity  increases  with  rise  in  temperature  of  the  electrodes.  No 
measurements  were  made,  but  care  was  taken  during  other  tests  to 
have  the  temperature  of  the  electrodes  fairly  constant. 

In  the  capillary  of  a  Plucker  tube  the  critical  capacity  is  less  than 
in  the  bulb  or  less  than  in  a  tube  without  a  central  constriction.  This 
is  confirmatory  to  a  view  expressed  in  a  previous  part  of  this  paper 
that  the  production  of  a  secondary  spectrum  was  not  so  much  the 
eflfect  of  capacity  j»^;*  se  as  of  increased  current  density. 

Critical  capacity  and  inductance, — The  eflfect  of  introducing  induct- 
ance is  always  to  relatively  weaken  the  secondary  and  enhance  the 
primary  spectrum.  But  introducing  a  certain  inductance  is  hj  no 
means  equivalent  in  its  eflfect  to  removing  a  definite  corresponding 
capacity.  Inductance  was  added  in  steps  of  0.008  millihenry.  The 
first  inductance  added,  though  very  small,  weakened  the  secondary 


NUTTING.] 


SECONDARY   SPECTRA. 


89 


spectrum  very  markedly  and  introduced  primary  lines,  and  this 
whether  the  capacity  used  was  just  above  the  critical  capacity  or  five 
times  that  amount.  Adding  jno re  and  more  inductance  produces  less 
and  less  eflfect.  Apparently  no  amount  of  inductance,  however  great, 
will  completely  annul  the  eflfect  of  any  capacity,  however  small. 
Capacity  and  inductance  eflfects  are  shown  graphically  in  the  figure. 
Ordinates  represent  the  change  from  primary  to  secondary  spectra. 

Critical  capacity  and  resistance. — The  eflfect  of  resistance  is  as  pro- 
nounced as  that  of  inductance  in  changing  the  secondary  spectrum 
back  to  the  primary.  Even  as  little  as  20  ohms  (non  inductive)  resist- 
ance brings  in  primary  lines,  while  100  ohms  gives  a  nearly  pure 
primary.  The  resistance  eflfect  curve  has  very  nearly  the  same  form 
as  the  inductance  effect  curve,  as  shown  in  the  figure.  The  eflfect  of 
an  external  spark  gap  is  always  to  favor  the  production  of  a  secondary 
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M/crofatad, 

Millihenry, 

Ohms, 


Fig.  1. 


spectrum.  Secondary  spectra  may  be  obtained  with  much  less  capacity 
and  at  much  lower  pressures  with  spark  gap  than  without.  But 
inductance  appears  to  have  the  same  eflfect  with  spark  gap  as  without, 
while  the  ohmic  resistance  of  the  gap  must  be  less  than  10  ohms, 
judging  by  its  eflfect  on  the  discharge. 

Critical  capacity  of  mixtures. — Mixtures  of  hydrogen  and  nitrogen, 
sulphur  and  hydrogen,  iodine  and  nitrogen,  iodine  and  hydrogen, 
nitrogen  and  sulphur,  hydrogen  and  oxygen,  and  mercury  and  nitro- 
gen were  tested,  and  each  component  was  found  to  have  its  own  criti- 
cal capacity  independently  of  the  presence  of  the  others.  In  a  previous 
paper  (The  Spectra  of  Mixed  Gases,  this  bulletin)  it  was  shown  that 
the  relative  intensities  of  two  primary  spectra  (of  a  mixture  of  gases) 
depended  on  the  relative  atomic  weight  of  the  component  gases,  while 
the  relative  intensities  of  the  secondary  spectra  depend  only  on  the 
relative  numbers  of  the  diflferent  kinds  of  atoms  present.     For  example, 
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it  is  easy  to  prepare  a  tube  of  mixed  hydrogen  and  nitrogen  that  shows 
a  ("four-line"  secondary)  hydrogen  spectrum  with  capacity  but  a 
nitrogen  (primary)  spectrum  without. 

To  obtain  a  pure  primary  spectrum,  then,  it  is  necessary  to  avoid 
introducing  capacity  of  any  kind  (particularly  long  lead  wires)  into 
the  tube  circuit.  It  is  useless  to  attempt  to  neutralize  the  eflfect  of 
even  a  small  capacity  by  introducing  inductance  or  resistance.  To 
obtain  a  pure  secondary  spectrum^  inductance  and  resistance  are  to 
be  avoided  and  at  least  0.05  microfarad  capacity  must  be  added. 
With  more  than  10  ohms  resistance  or  0.01  millihenry  inductance  in 
the  tube  circuit,  a  pure  secondary  can  not  be  obtained  by  merely 
adding  an  excess  of  capacity. 

The  names  primary  and  secondary  were  given  by  Plucker  and 
Hittorf  in  their  classic  monograph  on  multiple  spectra.  In  recent 
years  the  terms  have  fallen  into  disuse,  but  the  writer  is  strongly  in 
favor  of  their  retention.  Some  specific  distinctive  names  are  very 
desirable.  The  names  hand  and  line  spectra  are  far  from  being 
distinctive,  while  the  distinguishing  term  series  spectrum  applied  by 
Ejiyser  and  Runge  to  secondary  spectra  is  not  sufficiently  specific. 
When  more  than  a  single  primary  spectrum  exists  (as  with  nitrogen), 
it  is  easy  to  specify  anode  primary  or  cathode  primary.  And  the 
terms  primary  and  secondary  are  not  likely  to  be  confused  w\\h  first 
order  and  second  order  applied  to  grating  spectra. 

Before  discussing  the  results  it  may  be  well  to  summarize  them, 
together  with  the  results  of  other  workers: 

Many  elementary  gases  and  vapors  possess  two  entirely  different 
spectra  (Plucker  and  Hittorf).  These  elements  are  in  number  about 
one-fourth  of  those  known  and  are  largely  electro-negative. 

The  lines  of  primary  spectra  do  not  show  the  Zeeman  effect,  while 
those  of  secondary  do  (Runge  and  Paschen). 

The  transition  from  primary  to  secondary  is  in  most  cases  very 
abrupt.  Capacity  appears. to  be  essential  to  the  production  of  a  pure 
secondary  spectrum.  Great  current  density  and  a  spark  gap  in  series 
favor,  while  inductance,  resistance,  and  heated  electrodes  hinder,  the 
production  of  secondary  spectra.  The  first  inductance  added  pro- 
duces the  greatest  effect  per  given  increment  of  inductance,  while  the 
transition  from  secondary  to  primary  spectra  occurs  at  about  0.1 
millihenry  for  a  great  range  of  capacity  or  pressure,  with  or  without 
spark  gap  in  circuit. 

Critical  capacity  is  different  for  different  portions  of  the  spectrum, 
being  least  in  the  red  and  being  much  greater  and  rapidly  increa^iing 
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at  the  violet  end.  It  appears  to  approach  a  constant  value,  possibly 
zero,  in  the  infra  red,  and  the  value  infinity  in  the  ultra  violet  per- 
haps not  farther  out  than  SOOmm*  Critical  capacity  increases  steadily 
as  the  density  of  a  gas  decreases,  becoming  suddenly  infinite  at  about 
one  thousandth  of  an  atmosphere. 

The  electrical  conditions  concerned  with  the  production  of  sec- 
ondaiy  spectra  may  be  stated  with  some  certainty.  The  steqmeas  of 
the  wave  front  of  the  discharge  appears  to  be  the  principal  factor; 
that  is,  the  rate  of  variation  of  the  electromagnetic  field  in  the  gas  or 
of  the  number  of  advancing  electrons  per  unit  area  of  cross  section, 
according  to  the  view  taken  of  the  nature  of  the  discharge.  Putting 
in  capacity  vastly  increases  the  steepness  and  amplitude  of  the  cur- 
rent wave,  while  inductance  tends  to  smooth  it  out  again;  hence 
capacity  favors  the  production  of  secondary  spectra,  while  inductance 
favors  the  primary.  An  external  spark  gap  increases  the  suddenness 
of  the  discharge,  while  resistance  cuts  down  its  amplitude;  hence  a 
spark  gap  helps  the  production  of  secondary  spectra,  while  resistance 
favors  the  primary.  Merely  increasing  the  frequency  of  a  simple 
^temating  (say  2,000  volt)  current  through  a  gas  should  change  its 
spectrum  from  primary  to  secondary.  But  high  frequency  alone 
(without  amplitude)  is  not  sufficient  to  produce  secondary  spectra,  for 
the  electrodeless  "ring"  discharge  gives  a  primary  spectrum.  In 
this  case  the  frequency  may  be  as  great  as  10*.  On  the  other  hand, 
an  intense  current  (even  a  continuous  one)  does  tend  to  change  the 
primary  spectroun  over  to  the  secondary. 

Several  theories  of  the  mechanism  of  radiation  have  been  advanced 
to  account  for  double  spectra.  Plucker  and  Hittorf  thought  that  the 
secondary  spectrum  of  nitrogen  indicated  either  an  allotropic  state  of 
the  gas  or  else  a  chemical  decomposition  under  the  violence  of  the 
discharge,  and  were  more  favorable  to  the  former  view.  Deslandres, 
who  has  done  a  ^reat  deal  of  work  on  the  primary  spectrum  of 
nitrogen,  supposes  the  primary  spectrum  to  be  given  off  by  molecules 
excited  by  the  impact  of  electrons,  while  the  secondary  spectrum  is 
given  off  by  the  negative  electrons  alone.  Runge  has  called  attention 
to  the  fact  that  the  absence  of  the  Zeeman  effect  indicates  that  the 
primary  spectrum  comes  from  uncharged  particles  or  from  particles 
whose  masses  are  large  relatively  to  their  charges.  Hence,  primary 
spectra  might  be  due  to  positive  ions,  secondary  to  negative  ions. 
But  band  and  line  spectra  do  not  exist  together,  so  that  it  would  be 
necessary  to  consider  the  positive  electrons  taking  up  all  the  energy 
until  it  became  of  great  intensity  and  then  the  negative  taking  it  all. 
Deslandres  has  questioned  whether  positive  and  negative  electrons 
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revolving  about  one  another  can  have  other  than  identical  periods. 
Hemsalech  considers  the  primary  nitrogen  spectrum  due  to  impacts 
between  positive  and  negative  ions,  the  secondary  to  impacts  between 
electrons  and  positive  ions,  without,  however,  discussing  a  possible 
mechanism  of  radiation  in  either  case. 

We  have  to  consider  a  transformation  from  electrical  energy  to 
radiant  energy,  a  change  from  the  energy  of  convection  to  energy  of 
wave  motion  in  an  extended  medium.  On  the  one  hand,  work  on  gas 
conduction  has  shown  beyond  question  that  an  electric  current  in  a  gas 
(probably  in  ei^ery  medium)  consists  in  a  convection  of  positively  and 
negatively  charg.ed  particles.  The  masses,  charges  carried,  numbers 
and  velocities  of  these  charged  particles  under  various  conditions,  have 
been  determined  within  narrow  limits.  On  the  other  hand,  Larmor, 
Lorentz,  and  others  have  shown  that  at  least  all  optical  radiation  must 
be  due  to  the  motions  of  charged  particles  moving  with  variable 
velocities.  An  uncharged  particle,  if  it  could  exist,  would  be  unable 
to  produce  a  wave  motion  in  the  ether,  whatever  its  motion,  while  a 
neutral  aggregate  of  charged  particles  could  lose  energy  by  radiation 
only  when  the  equilibrium  of  its  internal  motion  is  disturbed  by 
external  forces.  Here  again  the  magnitude  of  the  charges  as  well  as 
the  acceleration  necessary  to  produce  a  given  radiation  has  been  quite 
definitely  determined. 

During  the  process  of  disturbance  from  equilibrium  of  motion  such 
a  neutral  aggregate  absorbs  energy  which  it  radiates  in  recovering 
equilibrium.  An  aggregate  not  electrically  neutral  would  gradually 
lose  its  energy  of  internal  motion  until  it  either  broke  up  and  became 
neutral  or  until  its  internal  motion  ceased.  Now  the  equilibrium 
of  motion  of  a  neutral  aggregate  could  be  disturbed  by  the  impact 
of  either  an  electro-magnetic  wave  or  pulse  or  of  another  particle 
or  aggregate.  Or  the  (static)  electric  field  might  be  so  intense  as 
to  separate  positively  and  negatively  charged  particles  against  their 
attraction  for  one  another.  Undoubtedly  all  three  forms  of  excita- 
tion are  effective  in  producing  radiation  under  various  conditions. 
But  disruption  appears  to  occur  whenever  luminosity  is  produced, 
even  in  the  electrodeless  "ring"  discharge;  hence  we  must  always 
consider  the  presence  of  free  charged  particles  and  a  disruption  of 
part  of  the  neutral  aggregate  as  well  as  a  general  disturbance  of  motion 
without  disruption.  And  radiation,  although  not  concerned  with  the 
steady  motion  of  neutral  aggregates,  must  yet  be  caused  by  motions 
approaching  the  steady  state. 

Two  forms  of  atomic  structure  appear  ^  be  capable  of  steady 
motion  and  of  radiating  observed  spectra  when  this  steady  motion  is 
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disturbed,  namely,  systems  in  which  the  satellites  (negative  electrons) 
are  arranged  in  rings  and  those  in  which  the  satellites  move  independ- 
ently. Under  severe  stresses  a  ring  system  might  break  down  into  a 
system  having  independent  satellites.  Considering  the  ring  system 
as  discussed  by  Thompson  as  the  general  type  of  atom,  metallic  as 
well  as  nonmetallic,  we  find  nearly  all  the  phenomena  related  to 
secondary  spectra  capable  of  simple  interpretation.  We  should  have 
primary  spectitt  given  off  by  the  lateral  oscillations  of  the  rings  when 
their  steady  motion  was  disturbed,  secondary  spectra  by  the  inde- 
pendent satellites  after  the  rings  had  been  broken  up  by  violent  exci- 
tation. The  ring  systems  of  the  atoms  of  acid-forming  elements  are 
not  easily  broken  up,  while  those  of  the  metals  are  already  broken  up 
before  sufficiently  excited  to  become  luminous.  The  Zeeman  effect 
would  be  shown  only  by  secondary  spectra  and  the  wave  lengths  of 
the  lines  in  the  primary  bands  would  fall  under  quite  a  different 
spectral  series  from  those  of  the  secondary.  Lines  of  a  secondary 
spectrum  would  not  be  related  in  position  to  those  of  the  correspond- 
ing primary.  A  nitrogen  atom  would  have  as  many  rings  as  there 
are  bands  in  its  primary  spectrum.  Critical  capacity  would  vary 
with  the  wave  length  and  become  infinite  for  short  waves,  because  the 
larger,  slower  rings  would  be  the  first  to  break  up,  while  the  inner- 
most rings  could  not  perhaps  be  broken  up  at  all.  The  abrupt  and 
complete  transition  from  primary  to  secondary  spectrum  shown  by 
nitrogen,  sulphur,  iodine,  and  bromine  would  indicate  that  when  the 
discharge  exceeds  a  certain  intensity  the  rings  on  all  the  atoms  are 
broken  up  at  once  and  remain  so,  while  in  hydrogen  only  a  portion  of 
the  rings  would  appear  to  be  disrupted  at  one  time,  probably  on 
account  of  very  rapid  recombination. 


EXPLANATION   OF   PLATES. 

Plate  I.  The  upper  series  of  spectra  are  of  nitrogren  at  1.5  mm  preasore,  showing 
the  transition  from  primary  to  secondary  by  gradually.adding  capacity  in  steps  of 
0.03  m.  f.  The  first  spectnim  of  the  series  (c)  is  of  the  white  cathode  glow.  The 
second  spectrum  was  taken  with  the  same  capacity  (0.06  m.  f. )  as  the  fifth,  but  taken 
in  the  bulb  instead  of  capillary.  The  bulb  spectrum  is  seen  to  be  a  nearly  pure 
primary,  while  the  capillary  is  a  secondary  in  the  green  and  yellow,  illustrating  very 
well  the  effect  of  current  density  on  the  production  of  a  secondary.  The  third 
spectrum  (p)  is  a  pure  (anode)  primary,  while  those  beneath  were  taken  with  the 
capacity  indicated.  Drawing  a  line  roughly  separating  primary  and  secondary,  this 
curve  represents  critical  capacity  as  a  function  of  wave  length. 

The  lower  series  shows  the  same  capacity  effect  in  hydrogen.  The  capacity  used 
is  indicated,  the  bottom  spectrum  being  a  nearly  pure  primary. 

Plate  II.  The  upper  series  shows  the  same  capacity  effect  in  sulphur.  The  first 
two  spectra  are  both  primary,  but  the  upper  of  the  two  was  taken  when  the  vapor 
density  was  greater. 

The  lower  series  of  spectra  shows  the  current  density  effect  in  hydrogen.  The 
spectrum  at  the  bottom  was  taken  with  a  very  feeble  current  and  long  exposure,  the 
second  from  the  bottom  with  a  greater  current,  the  third  with  the  largest  current 
(0.06  amp.)  the  tube  would  carry.  The  two  upper  spectra  were  taken  ^ith  the 
capacities  indicated.  H^  appears  even  with  a  feeble  steady  current,  but  Hy,  Ha,  and 
H«  appear  only  with  heavy  current  or  capacity. 

Plate  III.  This  plate  shows  the  effect  of  inductance  in  hydrogen  and  nitrogen  in 
bringing  the  secondary  back  to  the  primary.  In  each  case  the  secondary  at  the  bot- 
tom was  taken  with  a  large  capacity  (0.1  m.  f. ).  The  spectrum  just  above  was  taken 
with  the  same  capacity  with  a  small  inductance  (0.1  millihenry).  The  next  spec- 
trum was  taken  with  the  same  capacity  and  a  large  inductance  (0.8  millihenry). 
The  topmost  spectrum  is  a  pure  primary,  in  each  case  taken  with  reither  capacity 
nor  inductance. 
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SOME  NEW  RECTIFYING  EFFECTS  IN  CONDUCTING  GASES. 


By  P.  G.  Nutting. 


The  passage  of  electricity  from  a  metal  to  a  gas,  or  from  a  gas  to  a 
metal,  occurs  in  a  manner  not  yet  well  understood.  The  present  inves- 
tigation was  undertaken  to  determine  what  conditions  of  the  metal  or 
gas  favor  the  transfer  of  electricity  from  one  to  the  other,  and,  if  pos- 
sible, to  throw  some  light  on  the  mechanism  of  surface  conduction. 
While  the  results  here  presented  are  crude,  they  bear  directly  on  the 
theory  of  metal-gas  conduction,  and  the  method,  though  very  simple, 
is  believed  to  be  new.  The  work  suggested  itself  during  some  spec- 
troscopic work  with  Pliicker  tubes. 

If  we  use  a  direct  current  in  studying  the  electrode  drop  in  potential, 
we  are  confronted  by  the  the  great  difficulty  in  keeping  the  condition 
of  the  surface,  temperature,  pressure,  etc. ,  constant,  and  in  reproduc- 
ing these  conditions  in  successive  tests.  But  if  we  use  an  alternating 
current  of  a  maximum  voltage  just  a  little  above  the  maximum  total 
drop  in  potential  between  electrodes,  conditions  can  not  appreciably 
change  between  successive  alternations,  and  the  excess  of  current  in 
one  direction  may  be  taken  as  a  rough  measure  of  the  relative  surface 
conductivity  at  the  two  electrodes.  It  is  hardly  conceivable  that  there 
can  be  any  rectifying  effect  due  to  the  gas  itself  away  from  the  elec- 
trodes, for  this  would  require  not  only  molecular  or  atomic  dissym- 
metry, but  a  fixed  orientation  of  these  particles.  Hence  we  must 
regard  rectification  as  due  to  conditions  existing  at  the  metal-gas  sur- 
face and  in  the  immediately  adjacent  metal  and  gas.  The  general  form 
assumed  by  a  single-phase  alternating  current  wave  when  a  conduct- 
ing gas  is  included  in  the  circuit  is  discussed  later  on  in  relation  to  the 
dissymmetry  of  the  wave  caused  by  partial  rectification. 

The  greater  part  of  the  work  here  described  was  done  with  the 
current  from  a  transformer  of  100  : 2,000  volts  and  600  watts  capacity. 
Occasionally  some  of  the  work  was  repeated  on  smaller  100 : 1,000 
volt  transformers  of  100  or  300  watts  capacity.  To  control  the  cur- 
rent in  the  secondary  a  variable  non inductive  resistance  of  about  100 
ohms  was  placed  in  the  primary  of  the  transformer.    The  current  in 
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the  secondary  varied  from  10  to  40  milliamperes,  according  to  the 
density  of  the  conducting  gas.  Most  of  the  work  was  done  with  ordi- 
nary Plucker  tubes  slightly  altered  according  to  the  conditions  desired. 
They  were  of  the  short,  stout  form  now  preferred  and  had  either  rod 
or  disk  aluminum  electrodes.  The  tubes  were  connected  with  rubber 
pressure  tubing  to  a  Gerj'k  piunp  and  hydrogen  generator  by  a  three- 
way  cock,  so  that  they  could  be  quickly  exhausted  and  filled  or  washed 

with  hydrogen.  A  direct-current  milli- 
ameter  in  series  with  the  tube  gave  the 
amount  of  current  rectified,  while  an 
alternating  current  voltmeter  used  in 
series  as  an  ammeter,  gave  the  total  cur- 
rent. In  this  wav  rectification  as  small 
as  half  of  one  per  cent  could  be  easily 
measured  and  a  tenth  as  much  detected. 
It  is  diflicult  to  prepare  a  tube  that  will 
not  show  as  much  as  one  per  cent  rectifi- 
cation. The  effects  here  recorded  are  as 
large  as  5  to  40  per  cent  and  decidedly 
reversible. 

The  principal  rectifying  effects  ob- 
tained are  indicated  diagrammatically  in 
the  accompanying  figures.  The  number 
at  the  left  corresponds  with  the  number 
of  the  descriptive  paragraph  in  the  con- 
text. The  percentages  at  the  right  indi- 
cate the  maximum  percentage  of  the 
current  rectified,  while  th^e  intermediate 
arrow  indicates  its  direction.  Except  the 
first,  the  effects  showed  but  little  varia- 
tion in  percentage  of  rectification  with 
the  density  of  the  conducting  gas,  as  the 
pressure  on  this  was  varied  from  6  to 
0.1  mm. 

1.  The  differerice  in  pressure  of  the  gas 
about  the  two  electrodes  was  accom- 
plished by  constricting  the  tube  to  a  fine  capillary  between  the  elec- 
trodes and  rapidly  exhausting.  If  the  exhaustion  is  sufficiently  rapid, 
complete  rectification  occurs,  i.  e.,  half  of  the  current  wave  fails  to  pass 
at  all.  Judging  by  the  width  of  the  cathode  dark  space,  the  correspond- 
ing pressures  in  the  two  bulbs  are  about  4  mm.  and  0.3  mm.  Sudden 
admission  of  gas  into  an  exhausted  tube  reverses  the  rectification. 
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We  can  hardly  attribute  this  effect  to  any  differences  within  the 
electrodes  nor  to  the  ease  of  escape  of  electrons  from  metal  to  gas.  But 
if  we  consider  the  current  carried  by  the  negative  electrons  alone,  then 
the  current  will  be  able  to  stall;  much  more  easily  from  the  electrode 
surrounded  by  the  more  rarefied  gas,  for  here  the  electrons  will  have  a 
greater  free  path  and  will  be  more  easily  able  to  attain  ionizing  veloc- 
ity. Hence  the  (negative)  current  will  travel  most  easily  from  low  to 
high  pressure  as  observed.  A  cruder  and  less  tenable  explanation  is 
possible  if  we  consider  the  current  carried  by  both  positive  and  nega- 
tive electrons.  The  strong  current  of  gas  through  the  capillary  from 
high  to  low  pressure  would  tend  to  sweep  the  larger  positive  electrons 
with  it  rather  than  the  much  smaller  negative  electrons.  Hence  the 
{positive)  current  would  flow  from  high  to  low  pressure  as  observed. 

2.  The  rdatwe  size  of  the  electrodes  is  an  important  factor  in  pro- 
ducing rectification.  The  excess  of  current  flows  from  the  small  to  the 
large  electrode.  When  the  large  electrode  was  three  times  the  area 
of  the  smaller,  a  rectification  of  12  per  cent  was  observed;  when  it 
was  ten  times  the  area,  35  per  cent  was  observed.  The  tests  were 
made  with  aluminum  electrodes  in  Plucker  tubes.  When  the  pres- 
sure is  so  great  and  the  current  so  small  that  the  glow  covers  only  a 
portion  of  the  larger  electrode  the  effect  is  null  or  reversed.  After 
the  current  has  been  passing  for  some  time  the  heating  effect  next 
described  (3)  may  mask  the  effect  of  relative  size.  There  appears  to 
be  little  if  any  difference  in  size  of  the  cathode  dark  space  at  the  large 
and  small  electrodes. 

The  current  density  being  less  at  the  larger  electrode,  any  compe- 
tition between  the  electrons  carrying  the  current  will  be  less  at  this 
electrode.  At  the  larger  electrode  negative  electrons  starting  out 
would  be  less  interfered  with  by  the  pressure  of  positive  electrons. 
The  effect  can  hardly  be  traced  to  the  difference  in  capacity  of  the 
large  and  small  electrodes,  for  connecting  one  electrode  to  a  large 
capacity  or  even  to  earth  produces  but  a  slight  rectifying  effect. 

3.  A  difference  in  temperature  of  the  electrodes  gives  a  partly  recti- 
*  fied  current  from  the  hot  to  the  cold  electrode.     When  one  bulb  of  a 

Plucker  tube  was  heated  to  about  250°  and  the  other  bulb  kept  cold 
by  a  wet  cloth  and  protected  by  an  asbestos  screen,  a  rectification  as 
large  as  25  per  cent  was  observed  on  starting  the  current.  This 
decreased  rapidly  as  the  current  heated  the  cold  electrode.  Using 
tubes  with  disk  electrodes  the  cathode  dark  space  was  at  least  50  per 
cent  larger  at  the  hot  electrode  than  at  the  cold.  At  the  same  time 
the  canal  ray  glow  within  the  dark  space  was  scarcely  perceptible 
while  at  the  cold  electrode  it  nearly  filled  the  cathode  dark  space. 
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A  continuous  current  heats  the  cathode  much  more  energetically 
than  the  anode.  Hence  when  an  alternating  current  passes  between  a 
hot  and  a  cold  electrode  we  should  expect  the  rectified  portion  to  pass 
in  such  a  direction  as  to  heat  the  cold  electrode  more  than  the  hot, 
and  so  produce  equilibrium.  This  is  what  actually  occurs.  But  the 
electron  theory  would  lead  us  to  expect  a  current  from  cold  to  hot. 
At  the  hot  electrode  negative  electrons  escape  from  the  metal  most 
easily.  They  have  a  longer  free  path  to  get  started  and  produce 
ionization,  and  this  movement  is  less  obstructed  by  the  presence  of 
positive  electrons.  Hence  we  should  expect  a  negative  current  from 
hot  to  cold,  the  reverse  of  that  observed. 

4.  Gas  about  the  electrode. — When  one  bulb  of  a  Pliicker  tube  is 
filled  with  mercury  vapor  and  the  other  with  air  or  hydrogen  there  is 
a  decided  rectifying  effect  from  the  mercury  vapor  toward  the  hydro- 
gen. In  spectroscopic  work  I  have  frequently  observed  complete 
rectification  under  similar  conditions. 

In  some  previous  work  on  the  spectra  of  mixed  gases  (this  bulletin) 
it  was  shown  that  in  a  mixture,  other  things  being  equal,  gases  or 
vapors  of  great  atomic  weight  appear  to  give  always  greater  spectral 
energy  than  those  of  lower.  If  we  take  this  to  mean  that  they 
carry  current  more  readily  or  are  more  readily  ionized,  we  have  a 
simple  explanation  for  the  above  rectifying  effect.  The  current  is 
more  easily  started  in  the  bulb  containing  heavier  vapor  so  that  half 
the  alternating  current  wave  is  reduced  in  area  according  to  the 
diagram  discussed  later. 

5.  The  condition  of  the  surface  of  the  el^trodes  appears  to  deter- 
mine a  slight  but  decided  rectifying  effect.  Aluminum  disk  electrodes 
were  used,  one  polished  and  the  other  cut  in  ridges,  like  a  file,  with  a 
sharp  knife.  An  excess  of  current  passed  from  the  smooth  to  the 
rough  electrode.  Whether  this  effect  was  anything  more,  than  that 
due  to  a  greater  exposed  surface  could  not  be  determined. 

6.  With  one  electrode  mercury  and  the  other  iron  of  the  same  size, 
but  a  slight  rectifying  effect  from  mercury  to  iron  was  observed  on 
starting  the  current.  After  the  current  had  been  running  some  time  * 
mercury  vapor  over  the  mercury  electrode  tended  by  (4)  to  increase 
the  rectification,  while  the  much  hotter  iron  electrode  by  (3)  tended  to 
decrease  it.  It  would  appear  that  the  action  of  the  Cooper  Hewitt 
rectifier  on  a  three-phase  current  is  largely  due  to  the  much  greater 
surface  exposed  by  the  mercury  electrode  and  the  greater  density  of 
mercury  vapor  in  its  immediate  neighborhood.  If  cathode  drop  of 
potential  played  an  important  r61e,  we  should  have  obtained  greater 
rectification  with  the  tube  just  described  and  a  single-phase  current. 
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When  aluminum  was  used  against  iron  in  atmospheres  of  air  and 
hydrogen,  a  rectification  of  20  per  cent  was  again  observed.  When 
hydrogen  was  used,  the  rectification  was  just  perceptibly  less  than 


m  air. 


7.  Placing  a  metallic  band  about  one  electrode  and  connecting  this 
band  with  the  other  electrode,  a  strong,  often  complete,  rectification  is 
produced,  the  current  passing  toward  the  electrode  having  an  external 
band.  It  has  frequently  been  noticed  that  placing  the  hand  near  a 
discharge  tube  steadies  the  discharge.  An  earthed  metallic  band  about 
the  tube  near  one  electrode  was  much  more  eflFective  in  strengthening 


ft 


Fig.  2. 


the  discharge.  Finally,  this  band  was  connected  with  the  opposite 
electrode  and  complete  rectification  obtained.  A  similar  device  has 
been  used  to  facilitate  starting  in  mercury  vapor  lamps,  a  metallic 
covering  being  placed  about  the  cathode  and  connected  to  the  anode. 
Throwing  an  intense  beam  of  sunlight  on  the  front  face  of  one  of 
the  (disk)  electrodes  by  means  of  a  lens  produced  no  perceptible  rec- 
tification. The  effect  of  exposing  one  electrode  or  the  adjacent  gas 
to  the  action  of  X  rays  was  not  tested,  but  from  (4)  and  (6)  we  should 
expect  the  side  exposed  to  become  anode. 
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Teste  8  and  9  were  made  with  tubes  provided  with  three  mercury- 
electrodes.  One  of  these  was  connected  to  one  2,000-volt  terminal, 
and  the  other  two,  through  different  resistances,  to  the  other.  Cur- 
rent was  found  to  enter  through  the  low  resistance  and  leave  by  the 
high.  Such  an  effect  by  (3)  would  be  produced  by  the  low-resistance 
electrode  being  more  heated  by  the  greater  current.  When  connec- 
tions were  made  with  equal  resistance  and  one  electrode  heated  the 
current  passed  from  hot  to  cold  in  accordance  with  (3)  and  (4). 

We  mav  get  a  better  idea  of  what  actually  occurs  in  the  process  of 
partial  rectification  from  the  accompanying  figure  (fig.  2).  Let  the 
curve  €  {[)  be  the  characteristic  gas-conduction  curve  for  the  tube 
used — i.  e.,  the  fall  of  potential  between  electrodes  as  a  function  of 
the  current.  Impress  the  alternating  voltage  E  (t)  on  the  tube  hav- 
ing such  an  external  (ohmic)  resistance  in  circuit  that  the  line  Ei-i  R 
will  have  the  slope  indicated",  then  i  {t)^  here  plotted  directly,  will 
represent  the  form  of  the  corresponding  curve  of  current  through  the 
tube  as  a  function  of  time.  Anyone  who  has  ever  plotted  these  current 
curves  knows  how  entirely  their  form  changes  with  even  a  slight 
change  in  the  form  of  the  gas  curve  e  (^),  and  these  €  (^)  curves  change 
in  form  greatly  as  conditions  in  the  tube  are  varied.  For  instance,  at 
very  low  pressures  the  s  (^)  curve  is  elevated  and  flattened.  At  high 
pressures  it  may  rise  continually,  particularly  if  the  electrodes  be 
small  or  pointed.  If  the  tube  be  illuminated  by  X  ra^^s  the  maximum 
of  the  B  ({)  curve  will  be  sharpened,  lowered,  and  displaced  toward  the 
left.  If  then  the  electrodes  are  under  different  conditions,  the  €  (i) 
curve  will  vary  in  form  with  the  direction  of  the  current  through  the 
tube,  and  therefore  the  current  curves  i  (t)  will  no  longer  be  symmet- 
rical about  the  horizontal  axis.  The  reversed  (lower)  part  of  the  curve 
will  be  more  flattened  or  rounded  say  than  the  upper,  and  the  effect 
will  be  shown  as  partial  rectification. 

A  tube  having  one  internal  and  one  external  electrode  showed  no 
trace  of  rectification.  This  might  have  been  expected,  since  in  this 
case  the  €  (i)  curve  rises  steeply  and  continuously  and  the  current 
curve  i  (t)  is  a  low,  broad  sine  curve  which  would  show  little,  if  any, 
dissymmetry. 


ON  HBERS  RESEMBUNG  FUSED  QUARTZ  IN  THEIR 

ELASTIC  PROPERTIES. 


By  K.  E.  GuTHE. 


The  adyaiita.ges  of  quartz  fibers  as  suspensions,  principally  their 
small  elastic  fatigue,  great  strength,  and  the  possibility  of  drawing 
very  fine  threads,  have  led  to  their  use  in  a  great  many  important 
investigations  where  fine  suspensions  and  a  steady  zero  point  are 
required. 

In  my  work,  suspensions  were  needed,  able  to  carry  a  load  of  600 
grams  and  more  and  at  the  same  time  having  as  small  an  elastic  fatigue 
as  possible.  Naturally  fused  quartz  was  selected  as  the  substance 
promising  the  best  results.  Such  fibers  must  be  rather  thick,  from 
0.1  to  0.2  mm  in  diameter.  Since  it  was  desired  to  draw  them  at  least 
1  meter  in  length,  it  required  the  melting  of  a  rather  large  bead  free 
from  air  bubbles.  The  process  of  building  up  quartz  rods  is  known 
to  be  rather  tedious.  Shenstone's  method*  is  simpler,  and  consists  of 
heating  the  crystals  to  about  1,000^  C.  and  suddenly  quenching  them 
in  cold  water.  The  crystals  after  such  treatment  are  not  shattered, 
and  do  not  break  wb^en  brought  into  the  oxy-hydrogen  flame.  A  stick 
of  the  proper  dimensions  is  easily  formed,  containing,  however,  a 
large  number  of  air  bubbles.  To  remove  these  is  a  very  tedious  task 
and  particularly  exasperating,  because  quartz  at  the  high  temperature 
of  the  blowpipe  flame  is  quite  volatile,  about  one-half  of  the  mass 
evaporating  during  the  process. 

Whichever  method  is  employed  it  means  a  considerable  loss  of  time^ 
if  a  great  many  fibers  of  the  dimensions  necessary  for  this  work  have 
to  be  drawn. 

Boys,  in  his  first  paper  on  this  subject,*  meptions  his  experiments  on 
a  great  many  minerals,  of  which  only  a  few,  however,  could  be  drawn 
into  fibers,  and  these  he  says  were  far  inferior  to  those  made  from 

«Shen8tone:  Nature,  64,  p.  65;  1901. 
&Boy8:  Phil.  Mag.,  28,  p.  4S9;  1887. 
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fused  quartz.  I  have  also  tried  a  great  number  of  substances,  all  sili- 
cates of  magnesium:  Enstatite,  Olivine,  Serpentine,  and  Meerschaum, 
without  success.  Only  the  Amphibol- Asbestos,  MgjCaSi^Oij,  in  the 
ordinarj'^  mineral  form,  as  well  as  when  specially  prepared  for  chemical 
purposes,  and  the  Steatite  or  Soapstone,  MgjHjSi^Ou,  give  clear  beads 
before  the  oxy -hydrogen  blowpipe.  These,  under  proper  precautions, 
can  be  drawn  easily  to  fibers  of  the  desired  dimensions.  The  soap- 
stone  is  especially  easily  worked  and  gives  fibers  of  practically  the 
same  elastic  properties  as  those  of  quartz.  Since  the  method  of  making 
them  is  so  simple  and  requires  little  time,  a  short  description  may  be 
of  geneml  interest.  The  soapstone  when  heated  to  a  high  tempera- 
ture becomes  exceedingly  hard,  and  is  used  commercially  under  the 
name  of  '"lava"  for  making  apparatus  intended  t^  be  able  to  stand 
high  temperatures — for  example,  tips  of  gas-burnei*s.  While  it  can 
not  be  melted  before  an  ordinary  blowpipe,  it  does  so  before  an  illu- 
minating gas-oxygen  jet  and  forms  a  clear  bead,  usually  of  a  greenish 
tint,  due  to  the  presence  of  a  trace  of  iron.  The  original  soapstone  or 
the  ''lava"  will  do  equally  well,  the  most  convenient  form  being  small 
cylindrical  sticks.  (1  obtained  such  cylinders  3  mm  in  diameter  and 
7  cm  long,  giving  colorless  transparent  beads  about  5  mm  in  diameter, 
from  the  Chattanooga  Sunlight  Lava  Manufacturing  Company.)  If 
the  flame  of  the  blowpipe  is  too  long  or  the  mixture  of  the  gases  not 
well  adjusted,  the  substance  will  boil  violently,  while  with  a  small, 
quiet  flame  it  melts  without  boiling,  a  slight  development  of  gases 
being  noticeable  only  at  the  upper,  cooler  part  of  the  bead.  After 
taking  the  pearl  out  of  the  flame  the  thread  is  drawn,  its  thickness 
depending  upon  the  temperature  and  rapidity  with  which  it  is  drawn. 
Very  fine  fibers  can  thus  be  secured.  The  fibers  should  not  be  heated 
after  being  drawn.  In  a  Bunsen  burner,  for  instance,  they  will  imme- 
diately become  white  and  break  to  pieces. 

Elastic  fat  Igice. — It  is  very  well  known  that  fine  quartz  fibers  show 
hardly  any  elastic  fatigue,"  but  with  thicker  fibers  of  0.1  to  0.2  mm 
diameter  the  effect  of  elastic  fatigue  became  quite  apparent.  Careful 
experiments  showed  that  small  twists,  or  twists  of  small  amplitude,  do 
not  affect  the  zero  point,  while  larger  twists,  being  continued  for  sev- 
ei*al  minutes,  would  displace  the  zero  point.  The  apparatus  used 
allowed  a  turning  of  the  torsion  head,  while  the  lower  end  of  the  fiber 
was  held  in  its  original  position.  After  release  the  zero  could  be  rede- 
teraiined  in  a  few  seconds  and  the  slow  disappearance  of  the  effect  of 
elastic  fatigue  observed.     With  fibers  70  cm  long  and  0.1  mm  diameter 

a  Boys:  Phil.  Mag.,  28,  p.  496,  1887;  Threlfall:  Phil.  Mag.,  80,  p.  113;  1890. 
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the  displacement,  after  release  from  a  torsion  of  360^  lasting  five  min- 
utes, amounted  to  as  much  as  2  in  3,000.  Fibers  made  of  steatite 
showed  about  the  same  eflfect,  which  is,  however,  very  much  smaller 
than  any  other  substance  experimented  with,  and  about  one-half  to 
one-third  of  that  shown  by  steel  or  phosphor  bronze. 

For  these  experiments  the  quartz  and  steatite  fibers  had  been  sil- 
vered at  their  ends,  then  coppered,  and  finally  soldered  into  large  brass 
pins  clamped  securely  in  the  supports.  Thus  the  elastic  fatigue 
observed  can  not  be  attributed  to  an  eflfect  of  the  material  with  which 
fibers  were  fastened  to  the  other  parts  of  the  instrument. 

Tensile  strength. — The  tensile  strength  of  very  thin  quartz  fibers  is 
quite  large,  10x10*  d3^nes  per  cm*,  but  it  decreases  appreciably  with 
increasing  thickness.^  My  experiments  show  the  same  results.  From 
the  following  table  it  is  seen  that  the  tensile  strength  of  the  steatite 
fibers  is  at  least  as  large  as  that  of  quartz.  For  comparison  the  values 
given  by  Boys  (B)  are  added.  The  decrease  of  tensile  strength  for  the 
thicker  fibers  is  very  striking.  For  the  thickest  fibers  it  is,  however, 
still  as  large  as  that  of  brass. 


Table  I. 

Quartz. 

Lava. 

Diameter. 

1 

Tensile 
strength. 

Diameter 

Tensile 
strength. 

Cm 

Dynes 

Cm 

Dynes 

(B)  0.00048 

11,5X10» 

(B)     .00175 

8.0 

.0075 

6.21 

0.006 

13X10» 

1                    .0095 

6.91 

.0095 

9,96 

.010 

6.16 

.010 

9.11 

.015 

4.5 

.011 

7.19 

.0175 

8.91 

.  0135 

6.92 

.018 

4.08 

For  thick  rods  the  tensile  strength  is  considerably  smaller,  as  shown 
recently  by  Schulze,*  who  found  a  value  of  0.6x10*  dynes 'cm*  for 
a  rod  having  a  cross  section  of  0.272  cm*. 


oBoys:  Phil.  Mag.,  80,  p.  116;  1890. 

&  Schulze:  Ann.  d.  Phys.,  14,  p.  384;  1904. 
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Coefficient  of  simple  rigidity, — ^The  toi'sional  coefficient  was  deter- 
mined by  the  well-known  method  of  vibration.  The  diameter  and 
length  of  the  fibers  were  carefully  measured,  a  cylinder  made  of  Tobin 
bronze  was  suspended  by  the  fibers,  and  the  period  of  the  torsional 
vibrations  determined  bv  means  of  a  chronometer.    Then 


71  = 


7^r 


Since  it  became  apparent  that  different  fibers  of  the  same  substance 
ga\e  slightly  different  values,  and  since  I  measured  the  diameter  of 
the  fibers  only  with  an  accurate  micrometer,  I  did  not  take  the  trouble 
to  correct  for  the  coefficient  of  expansion." 

The  mean  of  a  number  of  experiments  gave  for  quartz  n=3.4rX  10**; 
for  the  steatite  fiber  a  value  from  2.6  to  4.2x10".  Also  in  this 
respect  the  new  fiber  almost  exactly  equals  fused  quartz.  The  tem- 
perature coefficient  of  the  torsional  constant  of  quartz  is  given  by 
Threlfall  as  +0.000133;  by  Barnett  as  +0.000115;*  I  obtained 
+0.000149.  Steatite  does  not  show  the  remarkable  property  of 
becoming  more  rigid  at  higher  temperatures.  Its  temperature  coeffi- 
cient is  negative,  «=  — 0.000193.  The  results  obtained  are  given  in 
Table  II  and  plotted  in  fig.  1. 

Table  II. 


Quartz. 

Lava. 

Tempera- 
ture. 

• 
Period. 

n 

Tempera- 
ture. 

Period. 

n 

o 

8.5 
19.0 
22.45 
26.2 

8.3083 
8.3020 
8.2997 
8.2973 

3.4044X10" 
3.4096 
3.4115 
3.4134 

o 

11.45 
17.10 
22.05 
26.75 

8.7507 
8.7556 
8.7590 
8.  7625 

3.9830X10" 
3. 9777 
3.9755 
3. 9723 

«See  also  Threlfall;  loo.  cit.,  p.  108. 
^Barnett:  Phye.  Rev.,  6,  p.  119;  1898. 
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Fig.  1. 


Coefficient  of  expansion  of  fused  steatite. — ^The  following  experi- 
ments were  made  by  Mr.  L.  G.  Hoxton,  of  the  Bureau  of  Standards, 
using  a  rather  thick  fiber  of  fused  steatite. 

The  length  between  two  fairly  well  defined  marks  110.4  mm  apart 
was  compared  at  diflferent  tempei-atures  with  that  of  the  standard 
nickel-steel  decimeter  No.  43,  belonging  to  the  Bureau  and  furnished 
with  a  certificate  from  the  Bureau  International  des  Poids  et  Mesures, 
which  gives  its  linear  coeflScient  as  «=0.96xl0"*.  In 'the  following 
table  the  differences  between  the  length  of  the  fiber  and  the  standard 
are  marked  F-NS.  In  the  third  column  is  given  the  linear  coefficient 
of  expansion,  coimting  from  the  lowest  temperature,  and  in  the  last 
the  number  of  observations  made  for  each  temperature. 

Tablb  III. 


Temperature. 

F-NS. 

4-10.3 
6.4 

2.8 
12.4 

a 

Number. 

o 

+19. 31 
+  3.56 
-  2.08 
-1-21.8 

O.O5317 
0.  O558 

5 
7 
6 
4 

O.O5365 
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The  average  relative  coefficient  is  found  from  the  normal  equation 

1059.4a?=410.1X  niiViJir 
a?=0.00000350 

The  absolute  linear  coefficient  of  expansion  is  therefore 

a  =  0.0000045. 

The  comparisons  were  made  on  a  Zeiss  horizontal  comparator,  which 
allows  a  direct  reading  of  1.0/^. 

An  attempt  to  obtain  a  fiber  with  a  zero  temperature  coefficient  by 
melting  quartz  and  steatite  together  was  unsuccessful.  As  soon  as 
too  much  quartz  is  present  the  bead  loses  its  transparency.  If  beads 
made  of  soapstone  should  not  be  clear,  it  is  generally  due  to  an  excess 
of  quartz  in  the  substance.  In  such  a  case  the  addition  of  a  small 
amount  of  magnesia  or  magnesium  carbonate  will  oiear  up  the  bead. 

Index  of  refraction  of  fused  steatite. — ^Two  small  prisms  were 
ground  from  steatite  beads,  and  their  index  of  refraction  for  sodium 
Ijcrht  determined  bv  the  method  of  minimum  deviation.  The  instru- 
mcnt  used  was  a  spectrometer  reading  to  half  minutes.  Table  IV 
contains  the  results. 

Table  IV. 


Angle  of  prisms. 


Prism  1 . 
Prism  2. 


60°    Z' 
60°    4^ 


Minimum  deviation. 


44°     V 
44°  W 


1.576 
1.578 


Also  for  these  determinations  I  am  indebted  to  Mr.  L.  G.  Iloxton. 

From  the  above  comparison  we  conclude  that  we  have  found  in 
fused  steatite  a  substance  which  shows  all  the  chamcteristic  properties 
of  fuzed  quartz.  The  method  of  drawing  fibers  from  it  is  very  simple, 
and  since  the  substance  is  easily  secured  (an  old  jet  of  a  gas  burner 
will  furnish  a  large  number  of  fibers),  these  fibers  may,  with  advan- 
tage, be  used  where  econom\^  of  time  is  an  important  question.  One 
more  advantage  lies  in  the  easy  handling  of  the  fiber.  While  thick 
quartz  threads  break  easily  when  bent,  those  of  steatite  may  be  bent 
considerably  more  without  breaking. 

Barnett^  working  with  fibers  from  0.005  to  0.007  cm  in  diameter 
did  not  detect  any  time  effect  upon  the  period.  But  I  found  a  distinct 
effect  with  either  quartz  or  steatite  fiber.     The  quartz  fibers  became 


«Bamett:  loc.  cit.,  p.  116. 


orTHE.]  FIBERS   RESEMBLIT^G   QUARTZ.  107 

more  rigid  in  course  of  time,  a  behavior  resembling  that  of  metals." 
Professor  Carhart  and  the  writer*  have  found,  however,  a  decrease  of 
rigidity  in  the  case  of  phosphor  bronze.  Continued  vibrations,  espe- 
cially of  very  large  amplitude,  seem  to  have  a  distinct  influence  upon 
this  "settling  down"  to  a  steady  state,  if  such  can  be  obtained. 

Tests  have  been  made  concerning  this  time  change  in  order  to 
determine  whether  differq^t  specimens  of  quartz  will  diflFer  in  their 
behavior — mine  contained  quite  a  large  amount  of  strontium — or 
whether  the  difficulties  are  to  be  attributed  simply  to  the  size  of  the 
fibers.  Fibers  were  drawn  from  a  stick  of  quartz  glass  (Heraeus). 
These  show  no  time  effect  if  the  load  is  very  small  in  comparison  with 
the  tensile  strength,  but  the  time  effect  becomes  more  and  more  pro- 
nounced the  larger  the  load.  After  a  fiber  0.02  cm  in  diameter  had 
been  vibrated  for  about  a  week  with  a  load  of  400  grams,  the  latter 
was  removed  and  the  fiber  allowed  to  rest  for  a  couple  of  days.  It 
showed  a  partial  return  to  the  original  state.  It  seems  that  the  thick- 
ness of  quartz  fibers  can  not  be  increased  beyond  0.002  or  0.005  cm 
without  the  loss  of  the  desirable  properties  which  make  them  so  well 
adapted  for  very  fine  suspensions. 

«  Nichols  and  Franklin:  Elements  of  Physics,  I,  p.  99. 
ft  Carhart  and  Guthe:  Phys.  Rev.,  9,  p.  292;  1899. 


ON  THE  TEMPERATURE  OF  THE  ARC. 


By  0.  W.  Waidner  and  G.  K.  Burqbss. 


The  comparison  of  the  methods  of  extrapolation  that  must  be 
resorted  to  in  the  estimation  of  extremely  high  temperatures  is  of 
growing  importance  in  establishing  a  satisfactory  tentative  scale  of 
temperature  which  is  already  required  in  many  scientific  and  indus- 
trial operations. 

In  a  study  of  the  possibilities  of  the  application  of  optical  and 
radiation  methods  of  pyrometry  to  the  estimation  of  extremely  high 
temperatures  we  have  been  led  to  compare  a  nimiber  of  carefully 
calibrated  optical  pyrometers  at  the  **  temperature  of  the  arc." 

The  early  attempts  to  estimate  the  so-called  temperature  of  the  arc, 
or  more  precisely,  the  temperature  of  the  hottest  portion  of  the 
positive  crater,  were  based  on  the  extrapolation  of  empirical  relations 
connecting  radiation  and  temperature  (Newton,  Dulong  and  Petit, 
Eosetti,  etc.),  that  were  only  applicable  through  very  narrow  ranges 
of  temperature,  and  the  results  to  which  they  have  led  are  now  only 
of  historical  interest. 

The  first  important  measurement  was  that  of  Le  Chatelier,"  who 
determined  for  a  number  of  bodies  the  relation  between  the  photo- 
metric intensity  of  the  red  light  emitted  and  the  temperature.  The 
photometric  measurements  were  made  with  his  optical  pyrometer, 
and  the  temperature  measurements  with  the  now  well-known  Le 
Chatelier  thermocouple  (platinum,  platinum-rhodium  10  per  cent). 
This  empirical  relation  is  based  on  experiments  extending  over  the 
range  700^  C.  to  nearly  1800°  C.  Le  Chatelier  found  by  the  extra- 
polation of  this  relation  (/=i^-^  T  t")  for  the  temperature  of  the 
arc  4400°  abs.  The  red  light  was  obtained  by  passing  the  radiation 
through  red  glass,  which  probably  lets  through  the  shorter  wave 
lengths  at  high  temperatures,  so  that  the  measured  intensity  would 
increase  more  I'apidly  than  the  formula  would  indicate.  This  would 
act  in  the  direction  of  making  the  result  come  out  too  high. 

aLe  Chatelier:  C.  R.,  114,  p.  737;  1892;  J.  de  Phys.  (3),  1,  p.  185;  1892. 
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VioUe^  made  an  estimate  of  the  temperature  of  the  arc  by  a  calori- 
metric  method.  A  small  removable  button  of  carbon  on  the  end  of 
the  positive  crater  was  dropped  into  the  calorimeter.  The  specific 
heat  of  carbon  was  measured  and  found  to  obey  a  linear  relation  for  a 
considerable  range  above  1000*^,  and  the  relation  thus  established  was 
assumed  to  hold  as  far  as  the  temperature  of  the  arc.  The  final  value 
found  by  VioUe  was  given  as  3875^  abs.  Among  the  great  experi- 
mental diflBculties  of  this  method  are  those  due  to  loss  of  heat  by  the 
button  in  falling  to  the  calorimeter  and  to  nonuniformity  of  heating. 
VioUe  investigated  these  by  varying  the  height  of  fall  and  size  of  the 
button.  In  general  criticism  of  this  method  it  should  be  noted  that 
the  specific  heat  of  most  substances  increases  more  rapidl}^  as  the  tem- 
perature corresponding  to  change  of  state  is  approached  than  at  low 
temperatures.  Although  the  diflSculties  of  this  method  are  very 
great — as  admitted  by  VioUe — the  result  is  nevertheless  interesting  as 
a  determination  by  a  method  widely  diflferent  from  those  usually 
employed,  based  on  the  extrapolation  of  relations  connecting  radiation 
and  temperature. 

Wilson  and  Gray  *  made  an  estimate  of  the  temperature  of  the  arc 
by  a  method  in  which  the  radiation  from  the  positive  crater  falling 
on  one  junction  of  a  differential  radiomicrometer  was  balanced  by  the 
radiation  on  the  other  junction  from  a  known  area  of  incandescent 
polished  platinum  strip,  whose  temperature  was  measured  by  its 
expansion  after  the  principle  of  the  Joly  meldometer.  The  relation 
between  the  radiation  of  polished  platinum  and  of  platinum  covered 
with  copper  oxide  was  then  determined  and  the  assumption  made  that 
the  radiation  from  the  carbon  obeyed  the  same  law  as  from  the  copper 
oxide,  which  is  very  nearly  the  case.  Knowing  then  the  apparent 
areas  of  the  two  sources  of  radiation,  and  knowing  the  relation 
connecting  radiation  and  temperature,  they  could  at  once  find  the 
temperature  to  which  the  platinum  strip  would  have  to  be  raised 
to  balance  the  arc  if  the  apparent  areas  were  equal.  The  result  to 
which  these  experimenters  were  led  was  3600^  abs.  In  discussing 
this  experiment  which  was  admirably  carried  out  it  must  be  remem- 
bered that  it  was  done  at  a  time  when  the  laws  of  radiation  were  not 
so  well  understood  as  they  were  a  few  years  later.  The  method  of 
measuring  the  temperature  made  use  of  in  these  experiments  is  capable 
of  considerable  precision.  Their  temperature  scale  is  probably  about 
20^  low  at  1000^,  inasmuch  as  the  melting  point  of  gold  was  taken  as 

«  Violle:  C.  R.,  95,  p.  1273;  J.  de  Phye.  (3),  2,  p.  545;  1893;  C.  R.,  120,  p.  868;  1895. 

ft  Wilson  and  Gray:  Proc.  Roy.  Soc,  68,  p.  24;  1895;  Phil.  Trans.  A.,  185,  p.  361, 

1894,  for  details  of  apparatus,  same  as  used  in  estimation  of  temperature  of  the  sun. 
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1041  "^  in  the  calibration  of  the  platinum  strip.  The  radiation  of  the 
bare  platinum  was  found  to  increase  approximately  as  the  4th  power 
of  the  absolute  temperature  and  of  the  blackened  platinum  about  as 
the  3.4th  power.  This  is  not  in  agreement  with  subsequent  researches 
of  Paschen  and  of  Lummer,  Pringsheim,  and  Kurlbaum.  The  bare 
platinum  was  inclosed  in  a  gilt  case,  which  made  it  approximate  more 
or  less  to  a  black  body.  The  strongest  criticism  of  this  method  is 
undoubtedly  that  it  is  based  on  the  extrapolation  of  an  empirical  rela- 
tion which  was  studied  only  through  a  comparatively  narrow  range  of 
temperature  (650^  to  1150^),  and  the  results  can  not  therefore  be 
given  so  much  weight  as  those  obtained  by  the  extrapolation  of 
Planck's  law,  which  has  been  found  to  satisfy  the  results  of  experi- 
ments throughout  the  range  from  —200^  C.  to  H-1500°  C. 

Wanner®  studied  experimentally  the  relation  connecting  the  tem- 
perature and  the  photometric  intensity  of  monochromatic  light  of 
different  wave  lengths  emitted  by  several  black  bodies  of  different 
construction,  up  to  about  1400^  absolute,  and  found  that  the  results 
were  in  agreement  with  Wien's  relation  for  the  spectral  distribution 

of  energy  for  a  black  body,  «/=  c^"^  ^~A^,  as  was  shown  by  the  linear 

relation  between  log  J  and  yr-     Wanner  then  applied  this  method  to 

an  estimation  of  the  temperature  of  the  arc,  by  comparing  with  a 
spectrophotometer  the  intensity  of  the  red  (A.  =  0.6563/i)  and  green 
(A.  =  0.5461/^)  radiation  with  the  intensity  of  the  same  radiation  emit- 
ted by  a  black  body  (indirectly  for  convenience  through  the  interme- 
diary of  an  amylacetate  flame  whose  radiation  for  these  wave  lengths 
had  been  compared  with  black  body  radiation).  Using  red  light. 
Wanner  finds  for  the  temperature  of  the  hottest  portion  of  the  posi- 
tive crater  3720^,  and  using  green  light  3700^  abs.  when  cored 
carbons  (Dochtkohle)  are  used;  using  retort  carbons  he  finds  for  meas- 
urements with  the  red  and  green  light  3875^  and  3895°  abs.,  respect- 
ively. If  it  can  be  assumed  that  the  Wien  equation  continues  to  hold 
for  such  extremely  high  temperatures,  which  will  be  referred  to  again, 
this  determination  of  Wanner  must  be  given  conside'rable  weight,  as 
the  method  is  capable  of  precision.  It  must  be  noted  that  inasmuch 
as  this  determination  is  based  on  the  extrapolation  of  the  Wien  equa- 
tion which  applies  to  a  black  body,  the  temperature  thus  found  is  the 
''black  body  temperature,"  i.  e.,  the  temperature  that  a  black  body 
would  have  to  emit  light  of  the  same  intensity.     Barring  the  presence 

a  Wanner:  Ann.  d.Phys.,  2,  p.  141;  1900. 


ir2  BULLETIN    OF   THE   BUREAU   OF   STANDARDS.      [voul.iro.l. 

of  luminescence,  this  method  therefore  gives  the  lower  limit  of  tem- 
perature, so  that  the  true  temperature  of  the  positive  crater  must  at 
least  be  higher,  by  an  amount  depending  on  how  much  its  radiation 
differs  from  black  body  radiation. 

Lummer  and  Pringsheim^  made  use  of  the  relation  X^^  T=  const., 
connecting  the  wave  length  X^  having  maximum  energy  and  the  abso- 
lute temperature  T  of  the  radiating  body,  to  estimate  the  limiting 
temperatures  of  a  number  of  incandescent  bodies,  such  as  the  Nemst 
filament,  the  Wellsbach  mantle,  argand  gas  flame,  and  the  electric  arc. 
The  value  of  the  constant  for  a  black  body  is  2940,  according  to  their 
experiments,  and  2921  by  those  of  Paschen,*  a  most  satisfactory 
agreement.  For  the  radiation  from  polished  platinum  Lummer  and 
Pringsheim  have  found  for  the  constant  2630.  Assuming,  then,  that 
the  "displacement  law"  continues  to  hold,  and  that  the  radiation  from 
the  crater  of  the  arc  is  of  the  same  character  as  from  the  black  body 
and  platimmi,  and  is  intermediate  between  these,  which  they  have 
shown  is  very  probable,  these  investigators  concluded  that  the  tem- 
perature of  the  positive  crater  must  be  between 


2630_3y..c  and  T       -^^^^ 
-^-3750    and  J  max.— g-^- 


r^tn  =^=3750^  and  r„..=^^=4200^  abs. 


From  the  flattened  form  of  the  energy  curve  and  the  effect  of  atmos- 
pheric absorption,  it  is  difficult  to  locate  the  position  of  the  maximum 
with  precision.  It  must  be  said  that  the  ''displacement  law "  on  which 
this  method  is  based  is  one  of  the  best  established  laws  of  radiation, 
both  from  the  theoretical  And  experimental  side. 

By  an  examination  of  a  spectral  energy  curve  of  the  positive  pole  of 
an  electric  arc,  in  a  paper  by  Abney  and  Festing,^  F.  W.  Very^  was 
led  to  fix  the  maximum  at  about  0.73  //.  This  gives  for  the  upper  and 
lower  limits  between  which  the  temperature  of  the  positive  carbon 
must  lie 

2940. 
0. 73 


rmax=^^=4025o  abs. 


2630 
0.73 


r  min=S^=3600°  abs. 


« Lummer  and  Pringsheim:  Verb.  d.  Deutsch.  Phys.  Gres.,  1,  p.  235;  1899;  Verb, 
d.  Deutsch.  Phys.  Ges.,  8,  p.  36;  .twl. 
ftPaschen:  Ann.  d.  Phys.,  4,  p.  277;  1901. 

«  Abney  and  Festinjif:  Proc.  Roy.  Soc.,  85,  p.  334,  Diagram  II;  1883. 
rfF.  W.  Very:  Astropbysical  Journal,  10,  p.  208;  1899. 
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Petavel^  has  found  that  his  observations  on  platinum  radiation 
satisfy  the  formula 

(25-400)=889.6v^J 

where  t  is  degrees  centigrade  and  h  the  intrinsic  brilliancy  per  square 
centimeter  measured  photometrically.  For  the  crater  of  the  arc  he 
found  J=11000  candles  per  cm%  which  would  give  ^=3830^  C  (4100 
abs.)  assuming  that  carbon  and  platinum  obey  the  same  radiation  law. 
This  assumption  gives  too  high  a  value  for  t.  With  the  constants 
proper  to  carbon  in  the  above  formula,  the  method  might  give  good 
results. 

More  recently  F6ry  *  has  made  estimates  of  this  temperature  by  two 
different  methods.  In  one  the  radiation  from  the  positive  carbon  was 
focused  by  a  fluorite  lens  on  the  blackened  junction  of  a  minute  iron- 
constantan  thermocouple  which  was  joined  in  circuit  with  a  galva- 
nometer. A  preliminary  calibration  of  this  thermo-electric  telescope 
with  the  radiation  from  an  electrically  heated  black  body  as  far  as 
1500^  C  showed  that  the  observed  deflections  of  the  galvanometer 
were  in  most  satisfactory  agreement  with  those  calculated  from  the 
Stefan -Boltzmann  law.  By  this  method  F^ry  was  led  to  the  value 
3763^  abs.  as  the  "black  body  temperature"  of  the  arc.  In  this  con- 
nection it  is  of  interest  to  note  that  Lummer  and  Kurlbaum  ^  have 
found  that  while  the  energy  of  total  radiation  from  iron  oxide,  which 
is,  very  approximately,  the  same  as  from  carbon,  is  only  30  per  cent  of 
that  from  a  black  body  at  654^  abs.,  at  1481°  abs.  it  has  already  grown 
to  60  per  cent.  This  would  indicate  that  the  '^  black  body  tempera- 
ture of  the  arc,"  as  found  by  the  energy  of  total  radiation  from  carbon, 
would  not  differ  very  muclf  from  its  true  temperature,  probably  by 
less  than  200°. 

Using  the  photometric  method  and  a  modified  form  of  the  Le 
Chatelier  optical  pyrometer  and  assuming  that  Wien's  law  continues 
to  hold,  F^ry  finds  4140°  abs.  with  red  light  and  4170°  abs.  using 
green  light.  As  an  explanation  of  this  high  value,  want  of  mono- 
chromatism  of  the  glass  used  at  once  suggests  itself.  The  explanation 
certainly  applies  for  the  usual  red  glasses  that  are  sent  out  by  Pellin 
with  the  Le  Chatelier  optical  pyrometer. .  Moreover,  the  "center  of 
light"  transmission  of  this  glass  is  nearer  to  0.631//  than  0.659//,  the 
value  usually  assimied  from  Le  Chatelier's  early  determinations, 
probably  made  with  a  different  kind  of  ;i;lass. 

oPetavel:  Phil.  Trans.  Roy.  Soc.,  A  191,  p.  515;  1898. 

ftF^ry;  C.  R.,  184,  pp.  977,  1201;  1902. 

<?  Lammer  and  Korlbaum:  Verb.  Phye.  Ges.,  Berlin,  17,  p.  106;  1898. 
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EXPERIMENTAL  RESULTS. 

The  methods  we  have  used  are  all  dependent  on  the  extrapolation 
of  Wien's  equation  for  the  distribution  of  enerj^y  in  the  spectrum  of 
a  black  body, 

e/=^j  \    e  XT 

The  researches  of  Lummer  and  Pringsheim,**  Paschen,*  Rubens  and 
Kurlbaum/and  Beckmann  ^  have  shown  that  this  law  does  not  hold 
for  long  wave  lengths  and  high  temperatures.  The  results  of  experi- 
ment are  better  represented  by  the  equation  deduced  by  Planck.* 


e/=ei 


-5 
X 


Ct 


?^"1 


The  experiments  of  Rubens  and  Kurlbaum  have  shown  that  this 
equation  is  in  most  satisfactory  agreement  with  the  results  of  experi- 
ments throughout  the  widest  range  of  measurable  temperatures, 
—200°  C.  to  +1,500°  C,  and  for  the  longest  waves  of  the  infra  red 
portion  of  the  spectrum  obtained  by  multiple  reflection  from  fluorite 
(X=24.0/*  and  31. 6yi)  and  rock  salt  (X=51.2yi)  surfaces. 

However,  for  the  wave  lengths  of  the  visible  spectrum,  and  even 
for  the  region  of  the  infra  red  in  which  the  largest  part  of  the  total 
energy  of  the  spectrum  is  found,  Wien's  law  applies  with  sufficient 
precision.  Lummer  and  Pringsheim  have  shown  that  for  values  of 
\T  less  than  3000  Wien's  equation  represents  the  results  of  experi- 
ments to  an  order  of  accuracy  of  1  per  cent.  For  the  photometric 
measurements  in  the  visible  spectrum  where  the  wave  length  does  not 
exceed  0.65/*,  the  use  of  Wien's  equation  is  jastified  for  extrapolation 
to  temperatures  exceeding  4000°  C. 

«  Lummer  and  Pringsheim:  Verb.  d.  Deutsch.  Phys.  Gee.,  1,  pp.  23, 215;  1899;  ibid. 
2,  p.  163;  1899;  ibid.  8,  p.  6;  1901.  Lummer:  Sur  le  rayonnement  des  corps  noirs: 
Int.  Cong.  Rep.,  Paris,  1900;  p.  929. 

ftPaschen:  Ann.  d.  Phys.,  4,  p.  277;  1900. 

<J Rubens  and  Kurlbaum:  Ber.d.K.Akad.d.  Wise.,  Berlin,  41,  p.  929;  1900;  Ann. 
d.  Phys.,  4,  p.  649;  1900. 

''H.  Beckmann:  Inaug. -Dissert.,  Tubingen,  1898. 

^Planck:  Verb.  d.  Deutsch.  Phys.  Ges.,  2,  pp.  202,  237;  1900;  Ann.  d.  Phys.,  4, 
p.  653;  1901. 
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We  have  determined  the  temperature  of  the  brightest  portion  of  the 
positive  crater  of  the  electric  arc  by  means  of  the  three  pyrometers 
devised,  respectively,  by  Le  Chatelier,  Wanner,  and  Holborn  and 
Kurlbaum.  The  three  instruments  are  photometers,  in  the  Wanner 
a  narrow  spectral  band  in  the  red  is  used  as  monochromatic  source, 
while  in  the  other  two  dependence  has  to  be  placed  upon  colored  glasses 
for  monochromatism.  In  the  Holborn-Kurlbaum*  pyrometer  the  tip 
of  a  very  fine  incandescent  lamp  filament  is  made  to  disappear  against 
the  bright  background  observed,  by  varying  the  current  through  the 
lamp.  The  current  is  then  a  function  of  the  temperature  which  may 
be  found  by  calibration  against  a  thermocouple. 

In  the  Wanner*  instrument  a  polarizing  device  permits  balancing 
photometrically  the  intensities  of  the  same  spectral  hues  coming  from 
a  standard  light  and  the  source  observed.  The  angle  of  the  analyzer 
may  be  converted  into  degrees  of  temperature  by  calibration,  in  the 
Le  Chatelier^  instrument  the  light  from  the  source  is  cut  down  by  a 
cat's-eye  diaphragm  until  photometric  equality  is  had  with  light  from 
a  comparison  source,  when  from  the  opening  of  the  cat's-eye  the  tem- 
perature may  be  calculated  after  the  instrument  has  been  calibrated. 

Between  such  a  bright  source  as  the  arc  and  any  of  these  instruments 
it  is  necessary,  in  order  to  render  photometric  comparison  possible,  to 
interpose  absorbing  glasses  whose  absorption  factors  (K)  have  to  be 
determined  for  the  different  wave  lengths  used. 

Wien's  law  gives: 

(1)  logjo  S:=  log  ^^  =-^  logio  e  Qf^-j^J 

where  <?,= 14500  for  a  black  body,  where  ^  is  expressed  in  //,  e  is  the 
base  of  Naperian  logarithms,  e/^  and  J^  are  the  light  intensities 
expressed  in  any  units  corresponding  to  the  temperatures  T^  and  T,, 
Tj  being  the  absolute  black-body  temperature  of  the  source  and  T^  its 
apparent  temperature  when  the  absorbing  glasses  are  interposed. 
This  formula  may  be  used  with  any  of  the  above  pyrometers  to  deter- 
mine the  arc  temperature  when  ^is  known  and  the  reading  of  each 
instrument  has  been  found  for  some  source  which  can  be  viewed  with- 
out the  absorption  glasses.  As  a  convenient  reference  temperature, 
or  source  of  constant  intensity,  that  of  the  central  area  of  a  definite 
acetylene  flame  viewed  normally  was  used.     The  apparent  black  body 

«  Holbom  and  Kurlbaum:  Ann.  d.  Phys.,  10,  p.  225;  1902. 

6  Wanner:  Phye.  ZS.,  8,  p.  112;  1902. 

«Le  Chatelier:  J.  de  Phys.,  (3),  1,  p.  185;  1892. 
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temperature  of  this  source  was  1625  abs.,  the  different  instruments 
agreeing  to  within  3°  in  this  determination.  Each  of  the  instruments 
was  also  calibrated  over  a  considemble  temperature  range  in  terms  of 
a  thermocouple  using  a  Lummer-Kurlbaum  black  body  as  source,  thus 
obtaining  a  whole  series  of  comparison  points.  The  two  methods  gave 
concordant  results. 

The  values  of  absorption  factors  {K)  vary  with  the  wave  lengths  of 
the  light  used,  A'^ decreasing  quite  rapidly  for  shorter  wave  lengths. 
Thus  a  given  absorbing  glass  gave  5^=1500  for  X=0.651yi,  and  only 
360  for  A.=0.550/i.  Also  with  these  glasses  the  value  of  A"  for  n 
glasses  is  not  K^^  as  is  genemlly  assumed,  but  something  less  than 
this  quantity.  Four  glasses  of  the  same  quality  and  thickness  gave, 
for  A.=0.651;i,  the  following  results,  as  determined  from  a  large  num- 
ber of  observations,  using  all  three  pyrometers  in  this  determination: 


Number  of  glasses 

1. 

2. 

3. 

4. 

' 

Value  of  isT 

11.9 
11.9 

137 
11.5 

1  500 
10.9 

15  500 
10.3 

Increment  of  A" 

The  results  of  our  determination  of  the  arc  temperature  for  a  cur- 
rent of  15  amperes  are  given  in  the  three  following  tables.  The  car- 
bons were  exceptionally  homogeneous,  prepared  especially  for  optical 
projections  and  arcing  very  readily.  The  positive  carbon  (13  mm 
diameter)  was  mounted  horizontally  and  the  negative  (11  mm  diameter) 
vertically.  The  potential  across  the  arc  was  about  65  volts.  In  order 
to  prevent  the  formation  of  a  deep  crater  on  the  under  side  of  the 
positive  carbon,  the  latter  was  occasionally  trimmed  down  so  that  the 
hottest  part  of  the  crater  could  be  readily  viewed  in  a  horizontal  line. 

Dbtbbminations. 

WITH  WANNER  PYROMETER. 


Date. 

Wave  length  used. 

Absorption  factor. 

Absolute  tempera- 
ture of  arc. 

1904. 
June  20 

0.656 

1  600 
1  500 

3  660 
3  700 

20 

.656 

Mean . 

. -     - 

3  680 

i 
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Determinations — Continued. 


WITH  HOLBORN-KURLBAUM  PYROMETER. 


Date. 

No.  of  lamp 

used  in 

H.-K.  py. 

rometer. 

Wave  length 
used. 

absorption 
factor. 

Absolute 

temperature 

of  arc. 

1904. 
June  14 

132 
156 
145 
132 
156 
145 

132 
156 

132 

0.651 
.651 
.651 
.651 
.651 
.651 

.630 
.630 

.550 

1  500 
1  500 
1  500 
1  500 
1  500 
1  500 

1  350 
1  350 

360 

3  670 
3  680 
3  6S0 
3  630 
3  690 
3  670 

3  750 
3  790 

3  640 

14 

14 

15 

15 

15 

20 

15 

16 

Mean 

3  690 

WITH  LE  CHATELIER  OPTICAL  PYROMETER. 


Date. 

Wave  l<jngth 
used. 

absorption 
factor. 

Absolute 

temperature 

of  arc. 

1904. 
June  17 

0.651 
.651 

.651       . 
.651 

.651 

.630 
.630 

15  500 
15  500 
15  500 
15  500 

1  500     ' 

14  850 
1  350 

3  740 
3  750 
3  750 
3  690 

3  730 

3  680 
3  730 

17 

17 

17 

16 

18 

18 

Mean 

3  720 
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Although  the  three  pyrometers  give  practically  an  ideDtical  value 
(3700^  abs.)  for  the  arc  temperature,  yet  we  do  not  consider  all  the 
observations  of  equal  weight.  The  red  glass  ^=0.630/*  is  not  suffi- 
ciently homogeneous  for  good  photometric  measurements;  with  the 
Holborn-Kurlbaum  instrument,  for  instance,  the  filament  of  the  lamp 
can  not  be  made  to  disappear  when  using  this  glass.  Glass  A.  0.661m j 
on  the  other  hand,  leaves  practically  nothing  to  be  desired  as  to  its 
homogeneit:y,  and  the  results  obtained  with  it  have  the  greatest  cer- 
tainty. The  values  of  the  equivalent  wave  lengths  for  the  red  glasses 
were  verified  by  Dr.  Nutting  to  an  accuracy  well  within  the  limits  of 
error  from  other  sources. 

The  relative  temperatures  obtained  with  the  various  instruments 
are  independent  of  the  absorption  factors,  the  latter  being  dependent 
upon  the  absorption  glasses,  which  were  the  same  for  all  the  pyrom- 
eters, and  upon  the  wave  length  used.  The  absolute  values  we  have 
obtained  for  the  arc  temperatures  would  evidently  be  in  error  if  the 
values  of  the  absorption  coefficients  are  incorrect.  The  values  chosen 
are  the  best  that  could  be  deduced  from  several  hundred  observations 
made  with  all  the  pyrometers.  The  absorption  factor  for  green  light 
(A.=0.550;i)  is,  however,  less  well  determined. 

As  to  the  pyrometers  themselves  and  the  reliance  to  be  placed  upon 
the  results  obtained  with  the  different  instruments,  the  greatest  uncer- 
tainty seems  to  be  with  the  Wanner,  because  it  is  more  difficult  with 
this  instrument  than  with  the  others  to  be  sure  that  one  is  sighting 
upon  the  desired  spot,  as  the  instrument  is  not  a  telescope;  also,  the 
extrapolation  of  the  scale  of  this  particular  instrument  is  somewhat 
unceilain.  As  between  the  determinations  with  the  Le  Chatelier  and 
Holborn-Kurlbaum  instruments,  the  preference  is  in  favor  of  the 
latter,  as  a  smaller  area  is  used  in  the  photometry  and  there  are  more 
independent  checks  upon  its  calibration;  thus,  using  three  comparison 
lamps,  identical  results  are  obtained. 

On  the  whole,  a  better  agreement  among  different  instiniments 
employing  such  varied  methods  of  measurement  could  hardly  be 
expected  at  such  a  high  temperature.  Our  experiments  with  pure 
graphite  have  shown  that  the  value,  3700^  abs.,  would  not  be 
increased  by  more  than  50^.  The  effect  of  material  of  carbons  and  of 
current  density  will  also  be  considered. 
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Variations  in  Temperature  of  the  Arc. 

(a)  Witk  current. — It  is  generally  accepted,  since  Violle^  so  stated, 
that  the  temperature  of  the  arc  is  independent  of  the  current,  and  this 
temperature  is  assumed  to  be  the  boiling  point  of  carbon.  There  are, 
however,  at  least  two  reasons  for  which  we  should  expect  this  tem- 
perature to  vary  with  the  current.  As  the  current  is  increased  there 
will  be  a  tendency  to  superheat  the  viscous  carbon  layer  from  which 
the  vapor  boils,  even  though  this  vapor  does  not  have  a  higher  tem- 
perature than  the  normal  boiling  point,  and  as  it  is  this  viscous  layer 
which  is  observed,  variations  of  current  above  a  certain  limit  should 
be  accompanied  by  changes  in  temperature.  Again,  with  low  current 
a  smaller  area  is  heated,  so  that  it  will  be  more  cooled  by  conduction. 

An  examination  of  the  observations  from  which  it  has  been  inferred 
that  the  arc  temperature  is  independent  of  current  seems  to  indicate 
that  this  conclusion  is  unwarranted,  for  no  observer  has  published  a 
series  of  results  sufficiently  concordant  in  themselves  or  of  sufficient 
number  to  enable  him  to  state  with  certainty  whether  or  not  the  effect 
exists.  This  has  been  due  largely  to  the  tediousness  or  inadequacy  of 
the  methods  employed. 

The  constancy  of  brightness  was  first  announced  as  probable  by 
Rossetti  in  1878,  and  Violle  was  the  first  to  state  as  a  result  of  his 
own  experiments  that  "  the  brightness  of  the  positive  carbon  is  rigor- 
ously independent  of  toc  electric  power  expended  to  produce  the  arc, 
changing  from  within  the  limits  10  amperes  at  500  watts  to  400  amperes 
at  34000  watts."  Carbons  of  3.5  cm  diameter  were  used  for  the 
high  currents,  but  no  details  of  observations  are  published  nor  the 
precision  of  his  spectrophotometric  method,  which  is  certainly  sensi- 
tive, though  it  would  be  expected  that  any  effect  for  very  high  cur- 
rents would  be  neutralized,  in  part  at  least,  by  the  larger  carbons  used. 
Furthermore,  results  with  carbons  of  varying  size  and  quality  are  not 
comparable.  Although  Violle  showed  undoubtedly  that  with  carbons 
of  different  sizes  adapted  to  carrying  currents  of  from  10  to  400 
amperes,  there  is  no  considerable  change  in  temperature,  yet  it  would 
seem  that  he  did  not  show  conclusively  that  for  a  given  sized  carbon 
there  is  no  variation  of  temperature  with  current  for  the  brightest 
portion  of  the  positive  crater. 

Wilson  and  Gray  found  that  changing  from  14  to  25  amperes  ''the 
temperature  then  appeared  to  be  a  little  higher  than  with  the  smaller 
current.     ♦    ♦    ♦    Later  experiments    ♦     ♦     ♦     indicate  an  exact 

aViolle:  J.  de  Phye.  (3),  2,  p.  545;  1893. 
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equality  of  temperature."  They  do  not  give  any  data,  but  their  pub- 
lished observations  on  the  arc  temperature  indicate  that  it  would  be 
difBcult  to  detect  variations  by  their  method. 

Wanner  states  that  "changing  the  current  one  and  a  half  times 
(15  to  22  amperes)  remains  without  influence."  Wanner's  published 
results  for  a  given  kind  of  carbon  are  few  in  number  (four)  and  vary 
over  90°  under  the  same  conditions,  so  that  any  differences  due  to 
current  changes  might  be  masked. 

Our  experiments  on  the  variation  of  arc  temperature  with  current 
were  first  made  with  a  Holborn-Kurlbaum  pyrometer,  which  is  pecul- 
iarly well  adapted  for  these  measurements,  as  it  is  readily  sighted, 
and  thus  the  wandering  of  the  brightest  spot  on  the  crater  can  be 
easily  followed.  A  very  smiLll  photometric  area  is  emploj'ed,  and 
observations  may  be  taken  rapidly  within  intervals  of  a  few  seconds. 

In  order  to  secure  a  good-sized  image  of  the  crater,  so  as  to  facilitate 
the  photometric  measurements,  the  instrument,  provided  with  auxil- 
iary lenses  and  suitable  absorption  glasses,  was  placed  as  near  as 
possible  (12  to  25  cm)  to  the  arc,  which  was  mounted  as  previously 
described.  The  current  from  a  120- volt  storage  battery  was  varied 
without  the  observer  being  aware  of  the  actual  changes,  and  to  render 
the  settings  of  the  pyrometer  as  unbiased  as  possible  an  additional 
rheostat  in  its  lamp  circuit  was  also  worked  independently  of  the 
observer.  No  observations  were  taken  on  a  hissing  or  humming  arc, 
nor  until  the  arc  burned  normally  after  changing  current,  and  the  con- 
ditions of  constant  length  of  arc  and  constant  P.  D.  across  the  arc 
were  very  closely  maintained,  the  latter  being  measured  with  a  Weston 
voltmeter;  the  value  of  the  P.  D,  was  about  65  volts.  Two  observers 
obtained  practically  identical  results,  which  are  here  summarized. 


Date. 

Number  of  obser- 
vations. 

Current  in  arc. 

Temperature  of  arc 
(absolute). 

Amperes. 

o 

• 

f             ^^ 

15 

3690 

June  23,  1904 

48 

22 

3727 

49 

30 

3782 

r            23 

15 

3690 

June  28,  1904 

37 

22 

3741 

42 

30 

3762 
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A  few  observations  were  also  taken  with  a  current  of  40  amperes, 
which  indicated  that  the  effect  persists  with  increasing  current  density 
to  the  limit  that  the  auxiliary  apparatus  would  stand. 

The  precision  with  which  this  determination  can  be  made  on  a 
single  carbon  with  the  Holborn-Kurlbaum  instniment  is  shown  by 
the  observations  of  June  23,  1904,  namely,  that  the  probable  error  of 
the  mean  in  any  one  of  the  three  series  on  that  date  is  less  than  3^, 
and  no  photometric  observation  with  a  current  of  15  amperes  was  as 
high  as  the  mean  value  for  30  amperes.  Whatever  may  be  the  best 
value  for  the  arc  temperature,  this  value  is  apparently  a  function  of 
the  current  when  the  P,  D,  across  the  arc  is  a  constant  and  the  arc  is 
burning  normally. 

If  the  current  is  kept  constant  and  the  P,  D.  varied,  it  is  necessary 
to  vaiy  simultaneously  the  length  of  the  arc;  therefore,  temperature 
results  obtained  by  this  method  of  varying  the  power  are  not  directly 
comparable,  as  the  length  of  the  arc  is  a  variable  which  is  not  easily 
eliminated  quantitatively. 

It  does  not  seem  that  our  finding  a  small  temperature  change  with 
curi^nt  can  be  explained  on  physiological  grounds,  due  to  contrast  in 
light  intensities  entering  the  eye,  since  with  the  smallest  current  used 
the  image  of  the  hottest  part  of  the  crater  was  many  times  larger  than 
the  image  of  the  filament  of  the  comparison  lamp.  To  further  test 
this  point  we  determined  the  difference  in  temperature  with  a  Le 
Chatelier  optical  pyrometer  provided  with  auxiliary  lens  and  a  very 
homogeneous  red  glass  before  the  eyepiece.  A  number  of  consistent 
observations  indicate  that  changing  the  current  from  15  to  30  amperes 
causes  a  rise  in  temperature  of  about  70^.  With  this  instrument  the 
eye  does  not  receive  light  except  through  a  1  mm*  opening,  so  that  the 
effects  of  the  surrounding  field  can  not  influence  the  eye. 

(J)  With  the  material  of  carhons, — Wanner  finds  a  difference  of  about 
170°  in  changing  from  cored  to  retort  carbon,  the  former  giving  a  low 
value,  and  our  experiments  also  show  that  the  kind  of  carbon  used 
will  influence  the  apparent  temperature  of  the  arc.  The  homogeneous 
carbons  described  above  gave  us  results  40°  lower  than  with  a  very 
pure  graphite  furnished  by  the  Acheson  Company.  This  result  was 
obtained  both  with  the  Holborn-Kurlbaum  and  Le  Chatelier  optical 
pyrometers. 

In  commercial  carbons  the  presence  of  salts  seems  to  facilitate  the 
arcing,  and  with  large  currents  a  steadiness  can  be  had  which  can  not 
be  approached  with  pure  graphite  carbons.  It  appears  that  the  arc 
temperature,  as  determined  with  commercial  carbons,  is  lower  than 
the  point  obtained  for  pure  carbon. 
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(c)  Effect  on  tlie  arc  as  a  standard  of  light, — These  questions  are  of 
interest  in  connection  with  the  proposed  use  of  the  radiation  from  a 
definite  area  of  the  brightest  part  of  the  crater  of  the  +  carbon  of  the 
electric  arc  as  a  standard  source  of  light.  If  the  variations  in  temper- 
ature are  as  great  as  indicated  in  our  experiments,  a  variation  of  cur- 
rent from  15  to  22  amperes  (corresponding  to  a  temperature  variation 
of  40"^  C.  in  the  temperature  of  the  arc)  would  correspond  to  a  varia- 
tion in  the  photometric  intensity  of  several  per  cent.  Even  with  the 
same  current  and  the  same  carbons  our  results  appear  to  show  relative 
time  changes  of  photometric  intensity  that  seem  considerably  greater 
than  the  experimental  errors  and  which  may  be  due  to  varying  shape 
of  the  carbons  and  changes  in  current  density,  as  well  as  variations  in 
the  composition  of  the  material.  While  it  would  be  possible  to  define 
the  current,  it  would  not  be  as  easy  to  control  the  form  of  the  crater 
and  the  current  density  in  the  region  from  which  the  light  is  to  be 
taken. 

Another  difficulty  in  the  above  method  of  defining  a  light  standard 
arises  from  the  variations  that  may  result  from  the  use  of  different 
kinds  of  carbon,  as  shown  above.  The  experiments  of  Wanner  indi- 
cate an  enormous  change  in  the  intensity  of  light  due  to  this  cause. 

Blondel  ^  recognized  the  objections  to  the  use  of  a  screened  area  of 
the  positive  crater  as  a  primary  standard  of  light  and  recommended  its 
use  as  a  secondary  standard  for  arc  photometry.  He  found  the  nature 
of  the  carbon  to  be  important  in  determining  the  absolute  brightness 
(of  a  square  millimeter);  thus  for  five  different  qualities  of  homoge- 
neous carbon  an  average  value  of  158  candles  was  found,  the  extremes 
being  150  and  163.  With  cored  carbons  he  obtained  values  lower  than 
130  candles  for  the  maximum  brightness. 

Conclusion. 

A  resume  of  the  estimates  of  the  arc  temperature  that  have  been 
discussed  in  the  preceding  pages  is  given  in  the  table  on  the  next  page. 

From  this  table  it  will  be  seen  that  the  photometric  methods  based 
on  the  extrapolation  of  Wien's  equation  show  that  the  *'•  black  body 
temperature  of  the  arc"  (pure  graphite)  is  at  least  3750^  abs.,  so  that 
its  true  temperature  must  be  higher  than  this;  it  is  not  possible  to 
state  how  much,  in  the  absence  of  more  definite  knowledge  concerning 
the  departure  of  carbon  from  black  body  radiation.  In  the  light  of  the 
best  evidence  that  is  at  present  available  it  would  seem  that  the  true 

a  Blondel:  Proc.  Int.  Elec.  Congress,  Chie&go,  1893. 
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temperature  of  the  hottest  part  of  the  positive  carbon  is  between  3900^ 
and  4000°  absolute. 


Absolute 

• 

Observer. 

temperature 
of  the  arc. 

Method. 

Le  Chatelier 

4370 

Photometric:  Intensity  of  red  light. 

Violle 

3870 

Calorimetric:  Specific  heat  of  carbon. 

Total  radiation  of  copper  oxide,  empirical 
relation  for. 

Wilson  and  Gray . 

3600 

Wanner  ......... 

0  3700-3900 

( Varying  with  carbons  used ) .    Photometric 
in  terms  of  Wien's  law. 

Very 

Bet.  3600 
and  4000 

Wave-length  of  maximum  energy,  Wien's 
displacement  law:  A„T=0. 

^'•7    ----••-•--«• 

Lummer      and 

Bet.  3750 

Do. 

Pnngsheim. 

and  4200 

F^ry 1 

«3760 

Total  radiation:  Stekn-Boltzmann  law. 

0  4150 

Photometric:  Wien*s  law. 

*¥T        •    J                                               3 

03690 

Holborn-Kurlbaum  pyrometer. 

Waidner    and 
Burgess.            ) 

(6)  O3680 

Wanner  pyrometer. 

Wien's  law. 

I 

0  3720 

Le  Chatelier  pyrometer. 

o  Black  body  temperature. 

ft  Pure  graphite  g^ves  a  temperature  not  over  50°  higher. 

If  we  are  justified  in  assuming  that  the  high  values  found  by  Le 
Chatelier  and  by  F^ry,  using  photometric  methods,  are  satisfactorily 
explained  by  the  reasons  we  have  advanced,  a  comparison  of  the  results 
contained  in  the  above  table  will  show,  when  we  consider  the  experi- 
mental difficulties  and  uncertainties  that  may  enter  due  to  varying  con- 
ditions of  the  arc  (such  as  current  strength,  length  of  arc,  quality  of 
carbon,  etc.),  that  the  results  obtained,  dependent  as  they  are  on  the 
extreme  extrapolation  of  different  laws,  are  in  quite  satisfactory  agree- 
ment, and  diminish  somewhat  the  doubt  which  is  always  present  when 
we  must  venture  beyond  the  domain  of  experiment. 

The  value  obtained  by  F^ry  for  the  *'  black  body  temperature  "  of 
the  arc,  by  making  use  of  the  Stef an-Boltzmann  law  for  the  total  radia- 
tion of  a  black  body,  is  in  most  satisfactory  agreement  with  the  results 
obtained  by  Wanner,  dependent  on  the  extrapolation  of  the  Wien- 
Planck  relation,  and  is  nearly  identical  with  our  own  photometric 
determinations  based  on  the  same  relation.     It  is  interesting  to  note  in 
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this  connection  that  Lummer  and  Pringsheim*  have  found  these  laws 
in  agreement  at  2300°  abs. 

If  we  can  assume  that  the  Wien-Planck  and  the  Stefan-Boltzmann 
relations  continue  to  hold  good  for  thermodynamic  radiation  at  these 
high  temperatures,  it  would  seem,  in  view  of  the  above  fact,  that  the 
phenomena  of  luminescence  plays  no  very  important  part  in  the  radi- 
ation from  the  positive  pole  of  the  electric  arc;  for,  if  so,  it  might  be 
expected  to  lead  to  higher  values  in  the  estimates  based  on  the  photo- 
metric methods  than  would  be  found  by  methods  dependent  on  total 
radiation. 

An  examination  of  the  available  estimates  of  the  temperature  of  the 
sun,  made  by  methods  based  on  the  photometric  intensity,  seem  to 
indicate  that  these  methods  lead  to  higher  values  than  those  based  on 
the  energy  of  total  radiation.  Thus,  using  the  former  method, 
Le  Chatelier*  finds  7900°^  abs.  The  estimates,^  based  on  total  radia- 
tion and  on  the  position  of  the  wave  length  of  maximum  energ}^  in 
the  solar  spectrum,  lead  to  values  in  the  neighborhood  of  5500°  to 
6000°  absolute.  If  this  difference  in  the  methods  really  exists,  it 
would  at  least  suggest  the  presence  of  luminescent  radiation.  It 
would  also  be  of  interest  in  this  connection  to  use  the  photometric 
method  with  green  and  blue,  in  addition  to  red  radiation,  to  see  if 
the  former  led  to  higher  values,  as  might  be  expected  if  luminescence 
played  an  important  r81e. 

a  Lummer  and  Pringsheim:  Verh.  Deutschen  Phys.  Gee.  (5)  I,  p.  3;  1903. 

ftLe  Chatelier:  C.  R.,  114,  p.  737;  1892. 

<J  As  Le  Chatelier*8  determination  of  the  arc  temperature  is  probably  several  hun- 
dred degrees  high,  his  value  of  the  effective  temperature  of  the  sun  should  be 
lowered. 

dDay  and  Van  Ostrand:  Astrophys.  J.  19,  p.  39;  1904.  , 
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THE  ABSOLUTE   MEASUREMENT  OF  INDUCTANCE." 


Bv  Edward  B.  Rosa  and  Frederick  W.  Grover. 


1.  Methods  of  Measuring  Inductance. 

Self  inductance  may  be  determined  in  absolute  measure  (that  is,  in 
terms  of  resistance  and  time)  by  the  methods  of  Maxwell,  Wien,  or 
Rowland.  The  first  named  is  complicated  and  scarcely  capable  of 
giving  results  of  high  accuracy.  The  other  two  methods  are  probably 
capable  of  yielding  results  of  satisfactory  accuracy,  but  so  far  as  we 
know  few  results  b}'^  these  methods  have  been  published,  and  none  of 
a  degree  of  accuracy  equal  to  the  results  which  have  been  obtained 
in  the  absolute  measurement  of  a  capacity. 

The  most  obvious  method  of  directly  determining  the  inductance  of 
a  coil,  originally  proposed  by  Joubert,  consists  in  first  determining 
the  impedance  of  the  coil  and  then  calculating  the  inductance,  after 
having  found  the  ohmic  resistance  of  the  wire  and  the  frequency  of 
the  current  employed. 

Brew*  has  given  some  determinations  of  inductance  by  this  method, 
using  a  Cardew  voltmeter,  first  in  series  with  the  inductive  coil  and 
second  with  the  coil  cut  out.  Knowing  the  resistance  of  the  coil  and 
of  the  instrument,  and  the  frequency  of  the  current,  the  inductance  is 
calculated.  The  results  on  a  single  coil  are  given;  they  show  consid- 
erable variations,  as  would  be  expected.  Nothing  is  said  of  the  wave 
form,  although  the  formula  employed  presupposes  a  sine  wave. 

Several  variations  of  this  method  are  described  by  Gray^  and 
Fleming.^  According  to  Gray,  a  noninductive  resistance  is  placed  in- 
series  with  the  coil  whose  inductance  is  to  be  measured,  and  an  alter- 
nating current  passed  through  both.     B}'^  means  of  an  electrometer, 

«  A  paper  presented  at  the  International  Electrical  Congress,  St.  Louis,  1904. 

ft  Electrician:  25,  p.  206;  1890. 

<^  Absolute  ineasuren^ts:  II,  pt.  II,  p.  488. 

tf  Handbook  for  the  Electrical  Laboratory:  Vol  II,  p.  205. 
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the  differences  of  potential  at  the  terminals  of  the  noninductive  resist- 
ance ^g,  and  of  the  inductive  coil  (resistance  ^i  and  inductance  Z) 
are  measured.     The  inductance  is  then  given  by  the  expression 


p\R*n  ) 


p  being  2;r  times  the  frequency  of  the  current  employed,  which  is  to 
be  as  nearly  simply  harmonic  as  possible. 

According  to  Fleming,  we  "  first  send  through  the  coil  a  continuous 
current  and  observe  the  potential  difference  of  the  ends  of  the  coil 
with  an  electrostatic  voltmeter,  and  measure  the  current  flowing 
through  it.  Then  repeat  the  experiment,  using  the  alternating 
e.  m.  f.  The  ammeter  should  be  a  Kelvin  balance,  or  dynamometer, 
or  hot  wire  ammeter,  suitable  for  both  continuous  and  alternating 
currents.  Adjust  the  voltage  so  that  the  current  is  the  same  in  both 
cases.  Then  if  A  is  this  current,  and  if  V  is  the  volt-fall  down  the 
coil  with  continuous  current,  and  V  that  with  the  alternating  current, 
and  if  R  is  the  resistance  and  L  the  inductance  of  the  coil,  we  have 

-I 

V 


where  j9  =  2;r  times  the  frequency  of  the  alternating  current." 
Therefore, 

or  the  volt-drop  may  be  kept  constant  and  the  current  measured  in 
each  case.     Then 


R  Lr-A'' 
^■"  7>V      A'^~ 


i>v      A' 

If  the  current  is  not  of  sine  wave  f onn,  a  correction  must  be  applied. 

2.  The  Method  of  this  Paper. 

It  occurred  to  us  that  a  modification  of  the  method  quoted  above 
from  Gray  would  be  as  well  adapted  to  precision  measurements  as 
any  other  proposed.  Instead  of  using  the  electrometer  to  measure  the 
difference  of  potential  at  the  terminals  of  the  inductive  coil  and  of 
a  fixed  resistance  i?,  we  vary  the  resistance  H  until  the  difference 
of  potential  at  its  terminals  is  equal  to  that  at  the  terminals  of  the 
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inductive  coil,  as  shown  by  an  electrometer.     Then,  since  the  alter- 
nating current  /is  the  same  in  both,  and  a  sine  wave  form  is  assumed, 


r  being  the  ohmic  resistance  of  the  inductive  coil.     Then 


L^^^R^'-tK    (See  tig.  1.) 


Fig.  1. — A  B=nonlnductIve  realHtance;  H  C'/>— impedance  triangle  for  IndiiPtive  coll. 

This  is  an  extremely  simple  formula,  in  which  only  two  quantities, 
the  resistance  and  the  frequency,  have  to  be  determined  accurately. 
The  resistance  r  is  usually  so  small  that  an  approximate  value  for  it  is 
sufficient.  In  the  simplicity  and  directness  of  the  method  and  the 
small  number  of  quantities  to  be  determined  lie  the  advantages  of  this 
over  other  methods. 

The  chief  objection  to  this  method  is  that  it  is  necessary  to  have  a 
perfect  sine  current,  or  to  know  the  exact  form  of  the  current  wave  in 
order  to  calculate  the  correction  due  to  any  harmonics  that  may  be 
present.  So  far  as  we  know  no  accurate  determination  of  inductance 
by  this  method  has  ever  been  published,  and  probably  because  of  this 
requirement.  Most  alternating  current  generators  yield  currents 
having  harmonics  of  considemble  magnitude,  and  the  wave  form  of 
course  varies  according  to  the  load.  It  is  necessary,  therefore,  to 
determine  the  wave  form  of  the  particular  current  used  in  the  experi- 
ment in  order  to  obtain  the  proper  correction  factor. 


I 
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The  Bureau  of  Standards  possesses  an  alternating  generator  designed 
especially  for  testing  purposes,  which  has  a  smooth  core  armature  and 
pole  pieces  so  shaped  as  to  give  a  nearly  sine  wave.  The  correction 
to  be  applied  to  the  measured  inductance  due  to  a  small  departure 
from  a  sine  form  is  correspondingly  small,  and  we  therefore  believed 
that  by  using  this  machine  it  would  be  possible  lo  measure  inductance 
in  this  manner  with  a  high  order  of  accuracy,  provided,  of  course, 
that  small  harmonics  in  the  current  were  carefully  determined  and 
allowed  for. 


Fig.  2.— Diagram  of  connections  of  apparatus. 

The  method  is  illustrated  in  fig.  2.  The  noninductive  resistance  H 
(being  an  oil-immersed  resistance  of  manganin  of  relatively  large  car- 
rying capacity)  was  placed  in  series  with  an  inductive  coil  having  an 
inductance  of  about  1  henrv  and  a  resistance  of  about  95  ohms.  An 
alternating  current  from  the  generator  passes  from  A  to  C' through 
these  resistances,  in  parallel  with  which  is  an  electro-dynamometer  2?, 
which  serves  as  a  very  sensitive  voltmeter.  An  electrometer  is  joined 
to  the  point  li  and  to  a  switch  S,  by  means  of  which  it  can  be  con- 
ne(^ted  to  A  B  and  to  B  C  successively.  By  means  of  the  rheostats 
B^  and  B^  (tig.  7),  the  first  in  series  with  the  main  current  and  the 
second  in  the  field  circuit  of  the  alternator,  the  electromotive  force  at 
the  terminals  A  C  is  kept  constant.  The  resistance  B  is  now  varied 
until  the  deflection  of  the  electrometer  is  the  same  on  ^  ^  as  on  5  C^. 

Tnen  _ 

B=x/7^~+p'/J 

The  frequency  of  the  current  is  determined  })y  means  of  a  chro- 
nometer and  chronograph.  An  electric  contact  being  made  for  every 
60  rev  olutions  of  the  dynamo,  a  record  is  secured  on  the  chronograph 
along  with  the  second  beats  of  the  chronometer.  Thus  the  frequency 
may  be  determined  to  a  very  high  order  of  accuracy,  provided  the 
speed  is  maintained  sufficiently  constant.  To  do  this  a  rotating  com- 
mutator is  directly  connected  to  the  alternator,  and  a  Wheatstone  bridge 
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and  condenser  are  joined  up  exactly  as  in  the  absolute  measurement  of 
capacity.  When  the  bridge  has  been  balanced  at  the  desired  speed  an 
assistant  maintains  the  speed  constant  by  means  of  the  carbon  rheostat 
^3,  the  criterion  of  constant  speed  being  that  the  galvanometer  con- 
tinues to  give  zero  deflection.  That  this  condition  of  constant  speed 
is  sufficiently  met  will  appear  in  the  following  pages. 

The  recjuirement  of  constant  voltage  is  satisfied  by  having  the 
alternator  directly  coupled  to  its  driving  motor,  running  the  latter 
from  a  storage  battery  having  a  ver\^  constant  electromotiv^e  force, 
keeping  the  bearings  and  brushes  in  good  order,  and  regulating  the 
exciting  current  of  the  alternator  by  means  of  the  manual  adjustment 
of  a  carbon  rheostat,  so  that  the  deflection  of  the  volt-dvnamometer  D 
is  maintained  constant.  The  latter  instrument,  which  gave  a  deflec- 
tion proportional  to  the  square  of  the  voltage,  was  so  arranged  that  a 
variation  of  1  volt  in  140  gave  a  change  in  the  reading  of  about 
25  mm.  The  readings  of  the  electrometer  were  only  made  when  the 
dvnamometer  deflection  was  within  0.2  mm.  of  the  selected  mark, 
hence  variations  in  the  electromotive  force  on  ^  C^  were  less  than  one 
part  in  ten  thousand  for  all  the  separate  readings.  A  differential 
electrometer  might  be  used,  and  so  obviate  the  necessity  of  maintain- 
ing so  constant  a  voltage.  We  have  designed  such  an  instrument  and 
it  has  been  constructed,  but  we  have  not  yet  had  an  opportunity  to 
use  it  in  this  work. 

3.  Possible  Sources  of  Error. 

The  current  flowing  into  the  electrometer  would  cause  an  error  in 
the  result  if  the  electrometer  had  a  sufficiently  large  capacity,  since  it 
shunts  first  A  B  and  then  B  C,  This  effect  would  be  verv  small  when 
the  ♦electrometer  shunts  A  J?,  since  its  current  would  differ  in  phase 
by  90-  from  that  in  A  B;  but  when  in  shunt  with  B  Cthe  electro- 
meter current  is  nearly  opposite  in  phase  to  the  main  current.  The 
capacity  of  the  electrometer  is,  however,  so  small  that  the  current 
flowing  into  it  from  B  is  wholly  inappreciable  in  comparison  with  the 
mam  current  through  A  B  C\  which  was  usually  nearly  0.1  ampere. 

Any  small  inductance  or  capacity  in  the  resistance  R  will  produce 
no  error,  for  its  effect  if  present  would  be  to  slightly  alter  the  phase 
of  the  electromotive  force,  but  could  not  alter  the  impedance  to  be 
measured  to  an  appreciable  extent.  Thus  if  R  is  1,175  ohms,  and  we 
suppose  that  there  is  sufficient  inductance  present  to  make  the  impe- 
dance a  hundredth  of  one  per  cent  greater,  or  1,175.12,  this  would 
require  at  a  frequency  of  180  cycles  an  inductance  of  15  millihenrys, 
or  a  capacity  of  about  0.01  microfarad.    A  careful  measurement  shows 
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that  the  capacity  effect  of  this  resistance  exceeds  the  inductance  effect, 
but  that  the  resultant  effect  is  equivalent  to  a  capacity  of  about  0.001 
microfarad,  and  hence  the  error  produced  is  wholly  inappreciable. 

The  heating  of  the  inductive  coil  causes  a  change  in  its  resistance; 
in  fact,  its  resistance  serves  as  an  excellent  indication  of  its  mean 
temperature.  Any  such  change  in  the  resistance,  however,  produces 
a  very  much  smaller  change  in  the  impedance  of  the  coil.  Thus,  if  r 
changes  from  95  to  95.5  6hms,  the  impedance  will  change  only  from, 
say  1,175  to  1,175.04.  As  the  resistance  r  is  determined  at  frequent 
intervals  during  a  series  of  measurements,  the  uncertainty  of  the 
impedance  due  to  uncertainty  in  this  resistance  need  never  be  as  much 
as  one  part  in  fifty  thousand.  The  change  in  the  inductance  due 
directly  to  changing  temperature  is,  however,  appreciable  and  needs 
to  be  taken  into  account  verv  carefullv.  Foucault  currents  in  the 
wire  of  the  coil  may  cause  the  inductance  to  vary  appreciably  with  the 
frequency,  when  the  wire  is  relatively  coarse  and  the  frequency  is 
relatively  high.  To  avoid  any  error  due  to  this  cause,  the  wire  should 
be  fine,  or  stranded  if  a  low  resistance  is  desired,  and  high  frequencies 
avoided  in  the  measurements. 

The  electrostatic  capacity  of  the  coil  is  also  a  source  of  error  when 
the  frequency"  is  relatively  high.  Dolazalek^  has  shown  that  at  a  fre- 
quency of  2,500  per  second  the  measured  value  of  the  inductance  of  a 
coil  may  be  3  or  4  per  cent  greater  than  its  true  value,  due  to  this 
cause.  The  error  is,  however,  proportional  to  the  square  of  the  fre- 
quency, so  that  at  a  frequency  of  180  per  second  it  amounts  to  only 
one  or  two  parts  in  ten  thousand,  and,  by  properly  designing  the  coil, 
we  believe  that  this  correction  could  be  reduced  to  perhaps  five  parts 
in  a  hundred  thousand  and  its  value  determined  experimentally  with  a 
fair  degree  of  accuracy.  This  experimentally  detemiined  correction 
would  include  also  any  effect  due  to  eddy  currents,  which  effect  is  of 
opposite  sign  to  the  effect  due  to  capacity.  Thus  no  correction  need 
be  applied  to  the  result  derived  from  the  simple  formula  except  those 
due  to  the  electrostatic  capacity  of  the  coil  and  the  wave  form  of  the 
current.  The  former  we  have  not  attempted  to  determine  experi- 
mentally; the  latter  we  now  proceed  to  ascertain. 

4.  Correction  for  Wave  Fot^M. 

The  correction  factor  to  be  applied  when  using  a  single  coil  of  negli- 
gible resistance  has  been  given  by  H.  F.  Weber.*    Calling  the  bar- 

9*  —  ■      '  ^—  ■      ■  I     ,  ■      ■  ■  — ■-  ■  ,     _    I-     ,  II-  .1  I     ■  I  I  ■  .  ^^^^^  .III 

«Dolazalek:  Ann.  der  Phys.  1903,  p.  1142. 
&Wied.  Ann.,  68,  p.  366;  1897. 
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monic  components  of  the  electromotive  force  at  the  terminals  of  the 
coil  jFj,  ^8,  ^5,  etc.,  the  correction  factor  for  this  case  is 


/=V^ 


J?,«+^3«+jB;*+etc. 

This  expression  is,  however,  not  applicable  to  the  present  case. 

To  find  the  correction  due  to  the  wave  form  where  the  resistance  r 
is  not  negligible  and  where  a  resistance  -ff  is  joined  in  series  with  the 
inductive  coil,  we  remember  that  the  square  of  the  effective  value  of 
an  alternating* current  is  given  by  the  following  expression: 

7^=/i^+/8'+/6*+etc.,  where  /j,  i^,  /j,  etc., 

are  the  values  of  the  components  of  the  current  of  which  the  relative 
frequencies  are  1,  3,  5,  etc. 

The  electromotive  force  ^^on  AjB  is  made  equal  in  the  experiment 
to  the  electromotive  force  ^^  on  B  C.    Therefore, 

^«'  =  ^6'  (1) 

^„'=i2*  (/,'+/,'+/.'+ etc.)    (2) 

i;,'=£:,'+F,'+F,'+  etc.  =/,'(/•'  +p'£')  +/,'(r'+9yZ') 
+/5*(r*  +  25j9'Z')+etc. 

=7^{/,'+7,'+7,'-|-etc.)+yZ»(/,'+9  /,«+25  /,'+  etc.) 

yfhere p=2itn,  and  n  is  the  frequency  of  the  fundamental. 
Therefore,  from  (1), 

(i?-0  (/,•+/,'+/,'+  et«.)=^'Z'  (/.'+9/,'+26  /.'+  etc.) 

Therefore, 

„^T^-(J^>_^)  (/.'+/.'+//+ etc. I 


or,  L=l^W:=7  I    /.'+/.'+/»'+ etc. 
^Vii     W/,*+9/,'+25/,'+etc. 


_/. 


or,  L=''-yB^-i* 
P 


wi,^.„  ^-   //I'+Zs'+Zs'+etc. 
^^•^~V/.'+9/,'+25/.*+etc., 


and  is  the  correction  factor  sought. 

It  will  be  seen  from  this  expression  for  f  that  the  presence  of 
higher  harmonics  in  the  current  causes  the  correction  factor  to  depart 
from  unity  much  more  rapidly  than  the  lower  harmonics. 
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For  example,  suppose  that  the  equation  of  the  current  is 

/=/i  ^in  (/>«?- ^i)+/s  sin  {Spt— <(>,)+ 1^  sin  {6pt  —  (ff^) 
+  /,  sin  {7 j>t -(/>,)+/,  sin  (9 j?t— ((>,), 
and  that /i  =  100 


/a- 
I.- 


2 
2 
1 
1 


Then  f=  /100'+2^+2^+l'+r JW^^  9375 

-^     VlOO*+9x2*+25X2^+.t9xr+81xr-"V  10266 


Thus  the  correction  amounts  to  1.25  per  cent. 


Fig.  3.— Curve  of  electromotive  force  of  a  Westinghouse  alternator. 

If  the  harmonics  had  been  more  pronounced,  and  I^  and  I^  were  each 
5  instead  of  1,  then  would 


/=V 


10()*+2»+2''+5*+5' 


100'+9  X  2^+25  X  2»+49  X  5=+81  X  5' 


_   /10058_  s,«„a 


The  correction  thus  amounts  to  13.32  per  cent. 

Professor  Weber  found  the  correction  for  a  certain  Ganz  alternator 
with  a  greatly  distorted  wave  to  amount  to  6.8  per  cent. 
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The  electromotive  force  shown  in  fig.  3,  due  to  a  small  Westing- 
house  alternator  with  slotted  armature,  has  the  following  equation: 

F=SO.m  sin  (.^-0^  56')+. 80  sin  {Sx-6^  17')-1.65  sin  (5.t-14^  22') 
+  .40sin(9i»+7^50')+l.llsin(13a;-30^45')-1.18sin(15.r-38^40'). 

The  third,  seventh,  ninth,  and  eleventh  harmonics  are  very  small; 
the  fifth,  thirteenth,  and  fifteenth  are  relativ^ely  large.  The  correction 
factor  for  this  curve  is  .9933,  differing  from  unity  by  only  .0067,  and 
yet  this  is  a  larger  correction  than  is  desirable  for  precision  measure- 
ments of  inductance. 

5.  The  Curates  of  Electromotive  Force  and  Current. 

The  electromotive  force  given  by  the  alternator  in  our  experiments 
and  the  current  flowing  through  the  circuit  ABC  under  this 
impressed  electromotive  force  are  shown  in  the  curves  of  fig.  5. 
These  curves  were  drawn  under  the  same  conditions  as  those  of  the 
experiment.  The  third  harmonic  of  the  electromotiv^e  force  ^urve  is 
in  such  phase  as  to  slightly  flatten  the  curve;  this  component  being 
smaller  in  the  current  curve,  the  latter  is  less  flattened  and  more  nearl}^ 
a  sine  curve. 

Although  these  curves  were  drawn  with  great  care  and  are  reason- 
ably accurate,  the  analysis  of  the  current  curve  did  not  give  as  good 
results  as  were  desired.  This  was  because  the  harmonics  are  so  small 
that  very  slight  errors  in  the  curves  produce  relatively  large  errors  in 
the  harmonics. 

All  the  odd  harmonics  were  looked  for  up  to  the  fifteenth,  and  small 
values  found  in  every  case;  above  the  seventh  their  avemge  value  was 
not  more  than  a  tliousandth  part  of  tl^e  fundamental,  and  yet  the 
values  obtained  from  different  sets  of  ordinates  of  the  same  curve 
varied  considerably.  This  suggested  that  these  harmonics  were  really 
absent  in  the  curve,  and  that  the  inevitable  errors  in  drawing  the 
curves  gave  rise  to  small  residuals.  The  actual  values  of  the  small 
upper  harmonics  in  question  was  on  the  average  only  one-twentieth  of 
a  millimeter  measured  on  the  plotted  curve.  Nevertheless,  they  made 
an  appreciable  error  in  the  value  of  the  correction  factor  sought,  and 
hence  it  was  desirable  to  eliminate  all  such  residual  errors. 

The  harmonics  of  the  current  are  readily  computed  from  those  of 
the  electromotive  force  which  produces  the  current,  and  since  in  an 
inductive  circuit  the  latter  are  larger  than  the  former,  the  errors  of 
the  curve  and  of  the  analysis  are  divided  down  in  the  calculation  and 
a  more  accurate  result  may  therefore  be  obtained. 
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Thus,  for  the  third  harmonic  the  impedance  is 


y/iR  +  rf  +  yyZ'  instead  of  y/{R  +  r)'  +  jp'Z' 
and,  in  a  particular  case,  its  numerical  value  is  as  follows: 


Therefore, 


r 
E 
L 

P 


97.2 

1176.1 

1.0017 

2  «■  w  =  2  w^  X  186.23  =  1172.1. 


Imp,  =  %/(12T3:3)'"+"(fn2Tl7  =1730.6. 
/w/>,  =  %/(1273.3)''>  1«(11"2-T?  ^  3739.7. 
Imp,  =  s/(1273.3)''  +  2'5{n1±iy  =  5997.2. 
Imp,  =  x/(1273.3)'  + 49(1172.1)'  =  8302.8. 

Hence,  (^^''  =  2.161.     {'"^''  =  3.465.     ^  =  4.798. 


Imp^ 


Imp^ 


' 


Fig.  4. — Current  in  condenser  due  to  electromotive  force  of  flg.  3. 

These  quotients  show  how  much  smaller  relatively  the  third,  fifth, 
and  seventh  harmonics  are  in  the  inductive  current  curve  than  in  the 
electromotive  force  curve.  Therefore  the  third,  fifth,  and  seventh 
harmonics  in  the  current  curve  may  be  found  by  dividing  the  corre- 
sponding harmonics  in  the  electromotive  force  curve  by  the  numbers 
2.16,  3.40,  4.80,  respectively.  Small  errors  due  to  the  curve  itself  or 
to  the  analysis  are  thus  divided  by  these  factors,  and  the  values  of  the 
harmonics  found  are  therefore  more  accurate  and  more  consistent  than 
if  determined  directly  by  analyzing  the  current  curve. 
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This  process  may  indeed  be  carried  another  step  by  placing  a  con- 
denser in  parallel  with  the  circuit  AB  C^so  that  the  alternating  current 
flowing  into  it  will  be  due  to  the  same  electromotive  force  that  causes 


Fig.  6. 


the  current  in  the  circuit  ABC.  In  the  condenser  current,  however, 
the  harmonics  are  magnified  in  proportion  to  their  order,  the  seventh 
harmonic  in  the  condenser  current  being  seven  times  as  great,  in  pro- 
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pK^rtion  to  the  fuodafuentaL  as  in  the  electromocive  force,  jmd  hence 
7  y  4.71^^  or  33.5**  time-*  a«*  great  sl<  in  the  current  through  ABC 
Fig.  4  shows  the  current  in  a  condenser  due  to  >uch  an  electromotive 
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force  an  that  of  fig.  3,  showing  the  prominence  of  the  higher  harmonics, 
CHpecially  thoHc  of  thirteen  and  fifteen  times  the  fundamental.  In  a 
similar  manner  we  should  expect  that  if  there  aie  any  small  harmonics 
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of  these  frequencies  in  the  current  through  the  circuit  A  B  C^  they 
would  be  multiplied  by  114  and  153,  respectively,  in  such  a  condenser 
current  in  parallel  with  ABC,  On  the  other  hand,  if  no  such  har- 
monics are  found  in  the  condenser  current  we  may  be  sure  that  the 
small  values  found  by  analysis  in  the  inductive  current  were,  as  we 
supposed,  residual  errors. 


Storaae 
JBattery 

Fig.  7.— Diagram  of  connections  for  drawing  curves  of  current  and  electromotive  force. 

Fig.  6  gives  two  curves  /and  //of  e.  m.  f.,  and  two  curves/// 
and  lY  of  the  condenser  current.  They  were  drawn  under  the  same 
circumstances  as  prevailed  during  the  measurement  of  the  inductance, 
to  be  described  later.  The  method  of  drawing  the  cuiTes  is  illus- 
trated in  fig.  7.  The  curve  tracer  is  connected  to  the  terminals  of 
the  small  noninductive  resistances  r^^  r^^  /•g,  successively,  these  ter- 
minals being  joined  to  the  potentiometer  of  the  curve  tracer  through 
the  galvanometer  on  the  one  side  and  the  contact  maker  on  the  other. 
Evidently  a  curve  drawn  with  the  connecting  wires  at  the  terminals 
of  r^  will  represent  the  inductive  current  through  A  B  C;  similarly 
joining  to  r^  gives  the  e.  m.  f .  on  A  C^  and  joining  to  r,  gives  the 
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condenser  current.  The  curves  of  fig.  6,  which  are  far  from  being 
sine  curves,  but  which  evidently  have  no  appreciable  high  harmonics, 
show  the  magnification  of  the  hannonics  in  the  condenser  current. 
§ince  these  condenser  currents  can  be  drawn  with  the  same  precision 
as  the  electromotive  force  and  current  through  the  inductive  circuit, 
it  is  evident  that  greater  accuracy  will  be  secured  by  analyzing  the 
condenser  current  curves  and  calculating  the  correction  factor  f 
therefrom  than  by  using  the  curves  of  the  inductive  current.  How- 
ever, both  pairs  of  curves,  the  e.  m.  f.  and  condenser  current,  have 
been  analyzed  and  the  correction  factor,/ computed  from  both. 

6.  The  Analysis  of  the  Curves. 

The  curves  were  drawn  on  the  Rosa  curve  tracer,  which  is  essen- 
tially an  alternating  current  potentiometer  arranged  with  printing 
cylinder  for  automatically  recording  the  curve.  The  spiral  wire  form- 
ing the  potentiometer  is  not  quite  uniform  in  resistance;  the  cross- 
section  paper  on  which  the  curves  were  printed  was  not  ruled  with  as 
great  accuracy  as  is  necessary  for  the  most  precise  work,  and  slight 
variations  in  the  printed  record  were  due  to  the  backlash  of  the  trav- 
eling carriage  on  the  potentiometer.  To  eliminate  all  these  errors 
at  once  the  paper  was  replaced  on  the  record  cylinder  of  the  curve 
tracer  and  the  printing  point  was  re-set  in  the  dots  (one  at  a  time)  of 
the  record.  At  the  same  time  an  ordinary  direct  current  potenti- 
ometer was  joined  to  the  center  and  tmveling  contact  of  the  potenti- 
ometer wire  of  the  curve  tracer,  a  constant  e.  m.  f.  being  maintained 
at  the  ends  of  the  latter.  Thus  the  values  of  the  ordinates  of  the 
curves  were  measured,  not  from  the  paper  record  directly,  but  elec- 
trically by  the  direct  current  potentiometer,  and  the  most  important 
errors  in  the  curves  were  thereby  eliminated.  These  errors  were,  of 
course,  all  relatively  small,  but  important  enough  to  be  avoided  in  the 
present  work. 

The  curves  of  fig.  6  were  drawn  after  those  of  fig.  5,  and  in  virtue 
of  a  better  adjustment  of  the  brushes  of  the  alternator  the  current 
was  somewhat  steadier  and  the  curves  a  little  more  accurate.  Hence 
the  results  of  the  analysis  of  the  curves  of  fig.  6  will  be  given.  The 
alternator  has  12  poles,,  thus  giving  6  complete  periods  in  one  revolu- 
tion. The  contact  maker  has  3  contact  points  120^  apart,  and  thus 
makes  a  contact  on  every  other  wave.  The  first  curve  of  each  pair  of 
fig.  4  was  drawn  while  the  contact  maker  turned,  step  by  step,  through 
60°,  and  the  second  curv^e  of  each  pair  was  drawn  while  the  contact 
maker  turned  through  another  60^.  Thus  one  curve  may  be  regai-ded 
as  a  composite  made  up  of  every  other  wave  of  the  train  superposed. 
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Table  I. — Showing  the  values  of  the  three  sets  of  ordinates  of  fifteen  each  (at  angular 

intervals  of  IS^)  for  each  of  the  four  curves  analyzed, 
[The  values  of  the  ordinates  are  expressed  in  arbitrary  units.] 


Curve  I. 

• 

Electromotive  force. 

1 

Curve  II.  Electromotive  force. 

1 

a 

h 

G 

a 

h 

c 



4.72 

-  1.90 

-f  0.96 

,     ^  1.30 

+  4.28 

+  7.05 

+  6.61 

-f  9.51 

12.17 

12.41 

14.96 

17.56 

17.05 

19.23 

21.76 

1        22. 12 

24.16 

26.12 

26.13 

27.95 

29.96 

29.90 

31.63 

33.28 

33.38 

34.82 

36.43 

36.  32 

37.63 

38.86 

39.02 

40.09 

41.07 

40.96 

41.82 

42.57 

42.64 

43.36 

44.01 

43.70 

44.18 

44.44 

44.60 

44.77 

44.92 

'        44.70 

44.74 

44.72 

44.96 

44.94 

44.76 

44.56 

44.22 

43.88 

44.12 

43.70 

43.09 

42.92 

42.43 

41. 55 

41.86 

41.02 

39.99 

39. 53 

38.57 

37.49 

37.75 

36.46 

35.08 

34.79 

33.06 

31.50 

31.98 

30.18 

28.36 

28.10 

26.13 

23.92 

24.60 

22. 56 

20.45 

19.87 

17.47 

14.  W 

'          15. 27 

12.90 

10.58 

9.88 

7.12 

4.52 

Curve  III 

.  Condenser  ( 

current. 

Curve  I 

V.  Condense 

r  current. 

a 

h 

1 

a 

Ir 

c 

-r49. 26 

-1-49. 49 

+49. 11 

+49.06 

+49. 26 

+48. 87 

46.62 

45.03 

43. 46 

46.60 

45.15 

43.41 

39.63 

37.91 

36.21 

39.85 

37.70 

36.04 

32.46 

30.96 

29.20 

32.61 

31.00 

29.14 

25.88 

24.11 

22.02 

25.86 

24.22 

22.42 

17.80 

16.10 

13.64 

17.96 

16.06 

13.86 

9.46 

7.37 

5.54 

9.69 

7.78 

5.98 

-f  2.54 

-f  1.21 

4-  0.11 

+  2.98 

+  1.75 

+  0.67 

2.24 

-  3.44 

5.08 

-  1.76 

-  3.03 

-  4.76 

8.49 

-10. 31 

12.54 

j     -  8.08 

-  9.83 

-11.63 

-16.49 

-18. 30 

-20. 18 

-16.10 

17.99 

-19.  73 

-23. 68 

-25. 28 

-27.08 

-23. 33 

24.92 

-26. 67 

-30. 46 

-32.24 

-33.88 

30.16 

-32.20 

-33.95 

-38.01 

-39.86 

-41. 87 

-37. 50 

—39. 53 

-41. 33 

-45.  70 

-46.94 

-48. 25 

-45. 08 

-46.64 

-47.68 
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Table  II. — Remits  of  analyses  of  the  tvx>  e.  m.  /.   curves  (I  and  II)  of  fig.  6,  and 
calcuUUion  of  componevUs  of  current  in  the  inductive  circuit, 

[The  values  of  E and  /are  expressed  in  arbitrary  units.] 


Componente  of  electromotive  force  found  by  analysis. 


Fundamental = Ei 


Curve   I 


a=46.880. 
6=46.  838. 
c  =46. 882. 


Curve  II 


ra=46. 620. 
6=46. 608. 
c  =46. 601. 


Harmonics. 


1.898 
1.840 
1.939 

1.889 
1.833 
1.833 


0.122 
0.186 
0.242 

0.223 
0.206 
0.186 


Divi8or8=l 


^7 

^ 

^ii! 

0.127 

0.012 

0.021 

0.200 

0. 051 

0.024 

0.222 

0.082 

0.062 

0.154 

0.066 

0.022 

0.220 

0.036 

0.031 

0.241 

0.075 

0.041 

4.80 

6.14 

7.48 

^s 


0.041 
0.075 
0.046 

0.055 
0.031 
0.009 


8.84 


Components  of  inductive  current  calculated  from  above  values. 


Harmonics. 

Fundamental = /j 

1 

/s 

h 

/t 

h 

1 

/,s 

* 

a=46.880 

0.878 

0.035 

0.027 

0.002 

1 

0.003  ' 

0.005 

Curve   I 

6=46.838 

0.851 

0.054 

0.042 

0.008 

0.003  , 

0.008 

c=46.882 

0.897 

0.070 

0.046 

0.013 

0.008 

0.005 

■a=46.^20 

0.874 

0.064 

0.032 

0.011 

0.003  i 

0.006 

Curve  II  16=46.608 

0.848 

0.059 

0.046 

0.006 

0.004 

0.003 

c=46.601 

0.848 

0. 053 

0. 050 

0.012 

0.005 

0.001 

—  I 


and  the  second  curve  similarly  consists  of  the  alternate  waves  (not 
included  in  the  first)  superposed.  We  have  analyzed  both  pail's  of 
curves. 

In  each  wave  of  current  and  electromotive  force  120  points  are 
determined  and  printed  at  distances  of  3°  each  in  the  wave,  or  30' 
each  in  the  generator,  since  one  revolution  gives  6  complete  waves. 
We  have  used  15  points  in  each  half  wave  in  each  analysis  for  the 
fundamental  and  harmonics,  the  mean  value  of  the  ordinates  of  the 
positive  and  negative  half  waves  being  taken  in  each  case.    Three 
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Table  III. — Remits  of  analyses  of  two  condenser  currentSy  and  calculation  of  components 

of  current  in  the  inductive  circuit, 

[The  values  of  /  are  expressed  in  arbitrary  units.] 


Components  of  condenser  current  found  by  analysis. 

Harmonics. 

Fundamental = /, 

h 

/5 

A 

T. 

In 
0.052 

In 
0.090 

(42.374 

5.119 

0.854 

1.095 

0.101 

Curve  III    42.427 

5.170 

0.-900 

1.138 

0.069 

0.107 

0.053 

142.393 

5.110 

0.847 

1.172 

0.108 

0.150 

0.032 

[42.162 

5.117 

0.809 

1.067 

0.088 

0.066 

0.058 

Curve  IV 

42.160 

5.132 

0.804 

1.101 

0.135 

0.083 

0. 135 

42.218 

5.116 

0.809 

1.145 

0.119 

0.125 

0.060 

Divisoi 
Coi 

•8=1 

6.48 

17.33 

33.58 

55.24 

82.22 

114.7 

tnponentfl  of  in 

ductive  c 

_ 

urrent  ca 

Iculated  from  abo 

ve  values 

• 

Harmonics. 

Fundamental—/, 

^   _    _  ^ 

— 

—  -  -— 

0.790 

I5 

Ii 

/• 

In 
0.001 

0.001 

42.374 

1 

0.050 

0.031 

0.002 

Curve  III    42.427 

0.798 

0. 052 

0.034 

0.001 

0.001 

0.000 

'                       142.393 

0.788 

0.049 

0.035 

0.002 

0.002 

0.000 

42.162 

0.790 

0.047 

0.032 

0.002 

0.001 

0.001 

'    Curve  IV 

42.160 

0.792 

0.046 

0. 033 

0.002 

0.000 

O.OOl 

1 

42.218 

0.789 

0.047 

0.034 

0.002 

O.OOl 

0.001     ' 

1 

1 

separate  sets  of  ordinates  were  in  this  way  prepared  for  each  curve, 
and  the  analysis  carried  through  for  each  set  to  the  thirteenth  har- 
monic— that  is,  the  harmonic  having  a  frequency  of  thirteen  times  the 
fundamental.  The  ordinates  used  in  these  analyses  are  given  in 
Table  I. 

The  results  of  these  analyses  are  given  in  Tables  II  and  III,  where 
in  the  first  part  of  each  table  the  six  values  of  the  fundamental  and  of 
each  harmonic  are  given  in  the  proper  colunms,  the  first  three  as 
found  for  one  curve,  and  the  second  group  of  three  for  the  other. 
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Table  IV. — Calculation  of  correction  factor  f  from  electromotive  force  curt^es. 


\ 


11= 

i\= 

/;= 

Sum  . 

/;= 

9/;= 
25/;= 

49  /•  = 
Sura  . 

/ 


Curve  I. 


Curve  II. 


a 


a 


2197.6846 
0.  7714 
0.0012 
0.0007 


2193. 4475 
0.7250 
0.0029 
0.0017 


2197. 8827  2173. 3750 


0.8051 

0.7640 

0.0049 

0.0041 

0.0021 

1 

0.0010 

2172.3367  2171.6776 
0.  7195  I  0. 7195 
0. 0035  0. 0028 
0. 0022    0. 0025 


2198.4579  2194.1771  '  2198.6948  i  2174.1441   2173.0619  2172.4024 


2197. 6846 

6.9426 

0. 0310 

'    0. 0343 


2193. 4475 

2197.  8827 

2173. 3750 

6.5250 

7.2459 

6.8760 

0.0720 

0.1220 

0. 1025 

0. 0853 

0.1049 

0.0490 

2172.3367  2171.6776 
6. 4755  '   6. 4755 


0.0862 
0.1054 


2204.6925  ,  2200.1298  ,  2205.  :^555  I  2180.4025  I  2179.0038 


0.  m)859  I   0. 99865  i   0. 99849    0.  99856  '   0. 99863 


0. 0712 
0.1235 


2178. 3478 


0.99863 


Mean  from  curve  1=0. 998577      I     Mean  from  curve  11=0. 998607 


Table  V. — Calculation  of  correction  factor  f  from  condenser  current  curves. 


I 

Curve  III. 

Curve  IV. 

a 

1795. 6048 
0.6240 
0.0024 
0.0011 

b 

1800. 0458 
0. 6360 
0.0027 
0.0012 

c 

a 

b 

nil.  4734 
0. 6267 
0.0022 
0.0011 

c 

I'- 
n= 
11= 
i',= 

Sum  .. 

1797.1532 
0.6213 
0.0024 
0.0012 

1777. 6218 
0. 6230 
0.0022 
0.0010 

1782.3466 
0. 6227 
0.0022 
0.0012 

1796.2323 

1800.6857     1797.7781  |  1778.2480     1778.1034 

1782.9727 

9  /;= 

25  7;  = 
49  /?  = 

1795.6048 
5.  6160 
0.0607 
0. 0529 

1800.  0458 
5.  7240 
0.  0675 
0. 0564 

1797. 1532 
5.5917 
0.  a598 
0. 0598 

1777.  6218 
5.6070 
0. 0550 
0.0490 

1777. 4734 
5.6403 
0.0540 
0.0524 

1782.  3466 
5.  6043 
0.0545 
0.0568 

Sum  .. 

1801.3344 

18a5.8937  1  1802.8645  ^  1783.3328 

1 

1783.  2201 

1788.0622 

/ 

0.  99858 

0.  99856         0.  99H59 

0. 99857 
Mean  froi 

0.99856 

0.99857 

Mean  from  curve  111=0. 998577 

n  curve  IV=0. 998567 

B08A. 
GBOWB. 
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In  the  middle  of  the  table  are  given  the  divisors  by  which  we  deter- 
mine any  harmonic  of  the  current  in  the  inductive  circuit  ABC  from 
the  harmonic  of  corresponding  order  in  the  e.  m.  f.  or  condenser  cir- 
cuit in  parallel  with  it.  The  calculation  of  these  divisors  has  already 
been  given  (p.  134).  The  second  part  of  the  tables  gives  the  values  of 
the  harmonics  of  the  current  curves  so  calculated. 

There  is  a  very  noticeable  drop  in  the  values  of  the  hannonics  after 
the  seventh;  these  small  quantities  are  without  doubt  residual  errors 
arising  in  drawing  the  curve  and  getting  the  values  of  the  ordinates. 
When  they  are  divided  by  the  corresponding  divisors  to  get  the  har- 
monics of  the  current  they  become  insignificant,  amounting  on  the  aver- 
age to  about  one  part  in  8,000  of  the  fundamental  for  the  e.  m.  f . 
curves  and  one  part  in  40,000  of  the  fundamental  for  the  condenser 
current,  and  thus  having  no  appreciable  effect  whatever  in  the  correc- 
tion factor  to  be  determined. 

7.  The  Calculation  of  the  Correction  Factor/. 

In  the  first  part  of  Tables  IV  and  V  are  given  the  values  of  the 
squares  of  the  harmonics  as  found  from  the  analyses  of  the  twelve 
sets  of  ordinates  of  the  four  curves,  and  in  the  second  part  of  the 
tables  the  same  squares  multiplied  by  1,  9,  25,  49,  the  coeflScients 
occurring  in  the  expression  for  the  correction  factor/.  In  the  last 
line  the  values  of /are  given. 

The  mean  value  of  /  found  from  curve  I  differs  from  that  found 
from  curve  II  by  only  3  parts  in  100,000,  whereas  the  mean  value  of 
/calculated  from  curve  III  differs  from  that  of  curve  IV  by  only  1  part 
in  100,000. 

If  we  had  omitted  the  small  fifth  and  seventh  harmonics  in  the  cal- 
culation of/  using  only  the  fundamental  and  the  third  harmonic,  the 
result  would  have  differed  by  only  3  parts  in  100,000.  This  illustrates 
how  unimportant  are  all  the  harmonics  above  the  third.  But  the  resi- 
dual errors  in  the  current  curve  determined  directly,  instead  of 
indirectly  through  the  condenser  current,  are  much  greater.  That  the 
values  obtained  from  different  curves  and  from  different  sets  of  ordi- 
nates in  the  same  curve  agree  so  closely  shows  that  the  curve  tracer 
gives  a  very  accurate  reproduction  of  the  waves.  It  also  proves  that 
the  six  waves  produced  by  one  revolution  of  the  twelve-pole  alternator 
are  very  accurately  the  same,  inasmuch  as  curves  I  and  II  were  pro- 
duced in  different  parts  of  the  revolution,  and  III  and  IV  also. 
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Summary  of  values  of  /. 

Mean  value  from  curve  I  of  e.  in.  f =0. 998577 

Mean  value  from  cur\'e  Ilofe.  m.  f =0. 998607 

Mean  value  from  lx)th  curves =0. 998592(a) 

Mean  value  from  curve  III,  condenser  current =0. 998577 

Mean  value  from  curve  I V^,  condenser  current =0. 998567 

Mean  value  from  l)oth  curves =0. 998572(6) 

Weighted  mean  of  (a)  and  (fe),  giving  the  result  from  the  condenser 
current  curves  three  times  the  weight  of  that  of  the  e.  m.  f.  cur^'e. .  =0. 998577 

In  what  follows  we  shall  use  0.99858  as  the  most  probable  value. 

Having  now  determined  the  correction  factor  to  be  applied  to  the 
values  of  Z  found  in  the  use  of  these  alternating  currents,  we  may 
proceed  to  an  account  of  the  determination  of  frequency. 

8.  Measurement  of  Frequency. 

A.S  already  stated,  the  speed  of  the  alternator  was  maintained  as 
nearly  constant  as  j)osHible  b}'  hand  control,  using  a  carbon  rheostat 
in  the  main  circuit  of  the  driving  motor,  the  criterion  of  constant 
speed  being  that  the  deflection  of  a  galvanometer,  observed  with  a 
telescope  and  scale,  should  be  kept  zero.  The  galvanometer  was 
joined  to  a  Wheatstone  bridge  in  which  a  condenser  and  a  rotating 
commutator  form  one  arm,  precisely  as,  though  the  object  of  the 
experiment  was  to  detennine  the  capacity  of  the  condenser.  This 
arrangement  we  have  found  to  be  a  sensitive  and  satisfactory  method 
of  controlling  the  speed.  The  galvanometer  is  quick  and  nearly  dead 
beat,  and  instantly*  shows  any  tendency  of  the  motor  to  change  its 
speed.  Such  tendency  can  be  quickly  checked  by  a  slight  change  in 
the  pressure  on  the  carbon  rheostat.  Slight  variations  in  speed  above 
or  below  the  normal  cause  corresponding  deflections  of  the  galva- 
nometer to  the  right  or  left,  and  the  operator  balances  these  small 
deflections  as  nearly  as  possible  during  the  period  of  the  run. 

To  illustrate,  we  give  the  determinations  of  frequency  for  the  first 
four  runs  of  the  observations  of  May  28,  which  are  fair  samples  of  all 
the  runs.  Contact  is  made  on  the  chronograph  every  50  revolutions 
of  the  alternator,  and  as  the  latter  is  a  12-pole  machine  there  are  6 
waves  in  every  revolution,  or  300  in  every  period  of  50  revolutions. 
Ten  contacts  are  read  off  at  the  beginning  of  each  run  and  ten  at 
the  end,  and  from  these  the  mean  interval  for  the  whole  number  of 
periods  is  determined.  The  first  two  runs  were  divided  into  two  parts 
each,  and  the  frequency  found  for  each,  in  order  to  see  what  the 
change  wa.s.  After  that  the  mean  speed  was  found  for  the  whole 
period  of  the  run. 
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Table  VI 

. — Run  1. 

Chronograph  record — First  part. 

Chronograph  record — Second  part. 

Beginning. 
Mirt.    Sec, 

End. 

Interval. 

Beginning. 

End. 

Interval. 

Min.  Sec. 

Seconds. 

Min.    Sec. 

Min.  Sec. 

Seconds. 

10    11.16 

13    11.60 

180.44 

13    31.65 

15    20.27     1       108.62 

1 

12.82 

13.26 

.44 

33.33 

21.94                .61 

!            14. 49 

14.94 

.45 

35.03 

23.  60                .  57 

16.15 

16.61 

.46 

36.67 

25.28 

.61 

1            17.84 

18.28 

.44 

38.33 

26.95 

.62 

19.51 

19.94 

.43 

40.02 

28.62 

.60 

21.18 

21.62 

.44 

41.68 

30.29 

.61 

22.85 

23.30 

.45 

43.34 

31.96 

.62 

24.52 

24.97 

.45 

45.02 

33.63 

.61 

26.20 

26.63 

.43 

46.69 

35.30                .61 

108  periods  = 

180. 443 

65  periods  =                          108. 608 

108  X  300  =  32400  w 

aves. 

65  X  300  =  19500  waves. 

32400  _i7a^. 
''-180.443      ^^^'^' 

>7. 

w-,l!^^^o  =179.546. 
108.608 

Mean  value  o 

fn  =  179.552. 

Table  VI 

I.— Run  2. 

Chronograph  record — F 

irst  part. 

'      Chronograph  record — Second  part. 

Beginning. 

End. 

Interval. 

Beginning. 

End. 

Interval. 

J/m.  Sec. 

Min.  Sec. 

Seconds. 

Min.    Sec. 

Min.  Sec. 

Seconds. 

'      18    2.29 

22    9.59 

247.  30 

1    24    53.34 

29    59.09 

305.  75 

'              3.97 

11.26 

.29 

55.02 

30      0. 77 

.  75 

!             5.64 

12.93 

.29 

56.66 

2.43 

.77 

1 

1              7.32 

14.61 

.29 

58.35 

4.06 

.71 

8.99 

16.27 

.28 

25      0.00 

5.77 

1            10. 66 

17.95 

.29 

1.68 

7. 44                .76 

12.34 

19.62 

.28 

3.34 

9.  07                .  73 

1                                                I 

14. 02 

21.30 

.28 

5.01 

10. 78    ,            .77 

15.67 

22.96 

.29 

6.70 

12. 46     ;            .76 

17.34 

24.64 

.30 

8.36 

14. 10                .  74 

148  periods 

I  =: 

247.  289 

183  periods  =                        305.  751 

i   .,           148  X  300  =44400  w 

aves. 

183  X  300  =  54900  waves. 

•                           44400 

!                  ^  -  247.  289  -  ■^^^• 

542 

54900 
n  =onx  ^r;i  =179.558 

1 
1 

Mean  value  o 

f  n  =  179. 550 
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Table  VIII. 


Run  3. 
Chronograph  record. 

1 
Interval.    ' 

Seconds.     \ 

Run  4. 
Chronograph  record. 

Inter\^al. 

Beginning. 

End. 
Min.  Sec. 

Beginning. 

End. 

Min.    Sec. 

Min.    Sec. 

Min.  Sec. 

SecoTids. 

5    51.69          12    59.11 

427. 42 

14    21.55 

20    19.97 

358.42 

53. 37          13      0. 81 

.44 

23.24 

21.65 

.41 

55. 06 

2.50 

.44 

24.92 

23.34 

.42 

56.  75 

4.18 

.43 

26.61 

25.00 

.39 

58. 43 

5.87 

.44 

28.28 

26.71 

.43 

6      0. 10 

7.53 

.43 

29.94 

28.39 

.45 

1.78 

9.23 

.45 

31.65 

30.06 

.41 

3.47 

10.90 

.43 

33.  33 

31.74 

.41 

5.16 

12.60 

.44 

35.00 

33.43 

.43 

6.85 

14.28 

.43 

36.  70 

35.11 

.41 

254  periods          = 

427. 435 

213  periods 

^ 

358. 418 

254  X  300              —          76 

200  waves. 

21 3  X  300              =           63900  waves. 

76200              , 
427. 435-^^^- ' 

272. 

63900 
^      358. 418     ^'^-  ^^• 

The  examples  given  being  the  first  runs  of  the  first  of  the  three 
daj's'  work  are  not  as  good  a^  the  best,  but  show  that  the  frequency 
can  be  maintained  very  nearly  constant.  The  first  two  runs  were 
made  with  the  same  resistances  in  the  Wheatstone  bridge,  and  the 
speed  should  therefore  be  the  same.  The  mean  frequencies  found, 
179.552  and  179.550,  are  practically  identical.  The  resistance  in  the 
third  arm  of  the  bridge  was  now  changed  from  41,600  to  41,900,  and 
the  speed  decreased  until  a  balance  was  obtained.  The  frequencies 
for  runs  3  and  4  were  found  to  be,  as  shown  in  the  table,  178.272  and 
178.284.  To  show  how  nearly  the  mean  speed  remains  constant, 
while  the  bridge  resistance  is  unaltered.  Table  IX  is  given. 

Table  IX. — Freqnenciefi  of  aUemating  current  in  ten  runs  of  May  $8. 
[if= resistance  in  the  third  arm  of  the  auxilinry  Wheatstone  bridgre.] 


i?=41, 600  ohms. 

Run  1,  n=179.552 

Run    2,  n=179.550 

7e=41, 900  ohms. 

Run  3,  rj=178.272 

Run   4,  n=178.  284 

i2=42, 200  ohms. 

Run  6,  n=177. 009 

Run   6,  n=177.009        i 

i?=42, 250  ohms. 

Run  7,  n=176. 804 

Run   8,  n=176.  793 

i?=41, 250  ohms. 

Run  9,  n=181.083 

Run  10,  n=181.081 
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9.  The  Determination  of  R. 

Instead  of  attempting  to  make  the  electromotive  force  on  the  non- 
inductive  resistance  A  B  exactly  equal  to  that  on  B  C^  we  adjusted 
-4  ^  to  the  nearest  ohm  and  found  the  readings  of  the  electrometer 
when  the  latter  was  joined  first  to  A  B  and  then  to  B  G^  three  pairs 
of  readings  being  taken.  If  the  resistance  A  B  was  found  to  be  too 
small  it  was  then  increased  by  one  ohm  and  three  pairs  of  readings  of 
the  electrometer  again  taken.  By  interpolation  the  value  of  the 
resistance  was  then  found  which  would  exactly  balance  the  impedance 
of  the  inductive  coil.  As  examples,  the  first  three  runs  of  June  2  are 
given. 

Table  X. — Eleciromeier  readings. 


* 

OnAB 

On  BC 

Differ- 
ence X 100. 

Mean. 

Interpolated 
value  of  R 

Run  1. 

Lc 

[     14. 92 

14.765 

-15.5 

i?=1193 

.92 
.925 

.76 
.77 

-16. 
-15.5 

-15.7 

• 

1 
i?=1194 

1 

f    14.85 
I        .85 

14.865 
.86 

4-1.5 

-f  1.0 

+  1.2 

1193.92 

Run  2. 

Lp                    j 

r     14. 92 

1195 

f  3. 

i?=1178 

1 

.925 

.955 

-h  3. 

1 

.925 
[     14. 975 

.96 
14.87 

1    3.5 

+  3.17 

—10.5 

i?=1177 

.975 
.975 

.86 
.87 

11.5 
-10.5 

10.83 

1177. 77 

1 
1 

1 
Run  3. 

Lc 

i?=1194 

1    14. 78 
I        .77 

r     14.85 

14.79 

.78 

14.69 

f  1. 
+  1. 

-f  1.0 

-16. 

72=1193 1 

.85 

.71 

-14. 

t 
1 

.85 

.70 

-15. 

15.0 

1193.94 
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A  summary  of  the  results  of  three  sets  of  measurements,  taken  on 
three  separate  days,  is  given  in  Tables  XI,  XII,  and  XIII.  In  each 
of  these  sets  measurements  are  made  successively  on  an  inductance 
standard  by  Carpentier,  of  Paris,  having  a  nominal  value  of  one  henry, 
and  another  by  Franke  &  Co.,  of  Hannover,  of  the  same  nominal 
value.  In  the  tables  the  results  for  each  coil  are  grouped  together, 
the  numbers  of  the  runs  indicating  the  order  in  which  the  measure- 
ments are  made.  The  several  columns  give  (1)  the  corrected  values  of 
the  noninductive  resistance  i?,  (2)  the  ohmic  resistance  r  of  the  induc- 
tive coil,  (3)  the  frequency  of  the  current,  (4)  the  computed  value  of 
L  from  the  formula  (p.  127)  uncorrected  for  wave  form,  (5)  the  mean 
of  these  latter  values,  and  finally  (6)  the  mean  after  correction  for  wave 
form,  using y*=  0.99858.  The  corrected  values  of  the  resistances  were 
found  by  means  of  a  carefully  calibrated  bridge,  and  were  redeter- 
mined each  day. 

Table  XI.— /JewiZte  of  May  28. 


1 

2 
r 

97.6 
97.  75 
97.9 
98.05 
98.2 

97.4 
97.6 
97.7 
97.8 
97.9 

3 

n 

/>i  uncor- 
rected for 
wave 
form. 

5 

6 

R 

1149.98 
1141.90 
li:i3.93 
1132.69 
1 159.  76 

1134.01 
1 125. 93 
1118.19 
1116.68 
1143.62 

Mean  of 

L 

Lc 

Runl 

Run4 

Run5 

Runs 

Run9 

Lf 
Run2 

179.  551 
178.  284 
177.009 
176. 793 
181.  083 

179. 550 
178. 272 
177.009 
176.804 
181.081 

1.01567 
1.01564 
1.01575 
1.  01586 
1.01566 

1.00144 
1.00140 
1.00156 
1.00135 
1.00145 

] 

1.01572 
(i)=7.2 

1.01428 
in  100000) 

'     Run3 

Run6 

Run7 

Run  10 

1.00144 
(Z)=5.2 

1.00002 
in  100000) 

D  —  average  (ieviation  of  a  single  determination. 
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Table  Xll.—RessuUs  of  May  31. 


1 

2 

3 

4 

5 

6 

R 

r 

n 

L,  uncor- 
rected for 
wave 
form. 

Mean  of 

L 

Run  1 

Run4 

Run5 

Run8 

Run2 

Run3 

Run6 

Run7 

1194. 42 
1193.44 
1192. 36 
1192. 54 

1178. 16 
1177. 10 
1176. 13 
1176. 16 

97.0 
97.3 
97.5 
97.7 

96.9 
97.1 
97.2 
97.3 

186.550 
186. 437 
186.230 
186. 225 

186.561 
186.440 
186. 234 
186. 237 

1. 01561 
1. 01540 
1.01560 
1.01577 

1.00168 
1. 00141 
1.00166 
1. 00168 

1.01560 

1.01416 
1  in  100000) 

i.oo:(>o 

(/>  =  10.! 

1.00018 
2  in  100000) 

B  =  avera}^  deviation  of  a  single  determination. 

10.  Discussion  of  the  Results. 

The  results  of  June  2  are  somewhat  more  uniform  than  those  of  the 
two  preceding  days,  due  largel}^  to  the  fact  that  the  electrometer  was 
adjusted  to  a  greater  sensibility  and  readings  were  consequently  more 
accurate.  The  avei'age  deviations  of  the  separate  determinations  from 
the  mean  is  less  than  4  parts  in  100,000  in  this  set. 

The  two  determinations  of  L  at  lower  frequency  on  June  2  are  sub- 
ject to  a  correction  for  wave  form  which  was  not  separately  deter- 
mined, and  probably  the  capacity  correction,  which  would  be  smaller 
for  the  lower  frequency,  accounts  for  part  of  the  difference.  A  larger 
number  of  determinations  at  the  lower  frequency  should  be  made  to 
deteimine  what  difference  is  due  to  the  different  frequency.  We 
mean  to  resume  the  experiments  and  make  a  longer  series  of  measure- 
ments at  other  frequencies. 

Table  XIV  shows  a  progressive  change  in  the  values  of  L^,  and 

Lp,  but  in  opposite  directions;  in  both  cases  the  change  between  May 

28  and  June  2  is  about  3  parts  in  10,000.  Referring  to  Tables  XI,  XII, 
and  XIII,  in  which  the  values  of  r,  the  resistances  of  the  coils  are 
given,  it  will  be  observed  that  the  resistances  happened  to  be  almost 
exactly  equal  for  the  two  coils,  and  that  both  were  lower  on  May  31 
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Table  XIII. — Jiesults  of  June  e. 


1 

2 

3 

4 

5 

6 

R 

r 

n 

Xj  uncor- 
rected for 
waveform. 

Mean  of 

1 
L 

) 

Runl 

Run3 

Run5 

Run8 

Run  10 

Run  11 

Run  13 

Lf 

Run2 

Run4 

Run  6 

Run  7 

Run9 

Run  12 

Run  14 

1194.  32 
1194.35 
1194.67 
1182.92 
1182.96 

96.9 
96.9 
96.9 
96.9 
96.9 

186. 579 
186.584 
186.621 
184.791 
184.  793 

1.01541 
1. 01541 
1. 01549 
1.01539 
1.01541 

1. 01542 

1. 01398 

(2)=2.6 

in  100000) 

687.53 
687.60 

1178.18 
1178.56 
1178. 56 
1167.11 
1167.07 

678.  25 
678. 35 

96.9 
96.9 

96.7 
96.7 
96.7 
96.7 
96.7 

96.7 
96.7 

106.704 
106.704 

186. 578 
186. 619 
186.  621 
184.  778 
184.  784 

1. 01525 
1.01535 

1. 00162 
1. 00173 
1.00171 
1.00183 
1.00174 

1 

1 

1. 01530 

1.00173 

1.00031 

(D=4.8 

in  100000)      , 

i 

106.  693 
106. 698 

1.00142 
1. 00152 

1 
1 

1.00147 

X>=average  deviation  of  a  single  determination. 
Table  XIV. — Summary  of  results. 


Lc 

Lp 

Lc 
Ratio— T 

May  28 

1.01428 
1. 01416 
1. 01398 

1.00002 
1.00018 
1.00031 

1. 01426 
1.01398 
1.01367 

May  31 

June  2 

^to]  absolute  measurement  of  inductance.  151 

than  on  May  28,  and  still  lower  June  2,  the  total  difference  being 
almost  exactly  one  ohm  for  each  coil.  This  corresponds  to  about 
2.5°  C,  and  is  due  to  the  lower  temperature  of  the  laboratory  on  the 
later  days.  We  were  surprised  to  find  evidence  of  a  positive  tempera- 
ture coefficient  in  one  coil  and  a  negative  coefficient  in  the  other,  and 
therefore  made  some  direct  comparisons  of  the  two  coils  with  each 
other  with  a  view  to  testing  this  point.     L^,,  being  maintained  at  a 

constant  temperature  of  about  21.5°  C,  Lp  was  cooled  about  3°  by 

leaving  it  in  a  cooler  room  over  night.  The  two  coils  being  balanced 
against  each  other,  with  a  variable  inductance  included  with  the 
smaller,  Lp  was  warmed  in  an  inclosed  space  and  its  inductance  was 

observed  to  decrease  about  3  parts  in  10,000.     On  another  day  Lp  was 

kept  constant  and  L^  heated  in  a  similar  manner.     The  result  was  an 

increase  in  the  value  of  L^.     Lp  being  again  heated  while  L^.  remained 

constant,  its  value  decreased  with  respect  to  L^,.     An  exact  measure  of 

the  change  of  temperature  was  not  obtained,  and  hence  no  definite 
value  of  the  temperature  coefficient  was  found. 

A  possible  explanation  of  the  opposite  sign  of  the  temperature  coeffi- 
cients suggested  itself  when  we  removed  the  covering  of  Lp.     This 

coil  is  wound  on  a  spool  of  serpentine,  and  the  wire  is  embedded  in 
paraffin.     The  formula  for  the  induction  of  such  a  coil  is 


L  =  4:7rn'a  flog  ^  -  2^ 


where  a  is  the  mean  radius  of  the  coil  and  R  is  the  geometric  mean 
distance  of  the  wires  in  the  cross  section  of  the  coil.  '  When  the  par- 
affin (which  has  a  temperature  coefficient  many  times  larger  than 
copper)  expands,  it  tends  to  increase  the  geometric  mean  distance  of 
the  wires  and  so  decrease  Z,  and  this  effect  may  be  greater  than  the 
increase  due  to  the  expansion  of  the  copper,  which  increases  a.  The 
other  coil,  however,  is  wound  on  a  spool  of  mahogany  with  dry,  silk- 
covered  wire,  and  there  is  no  such  tendency  to  increase  H.  Whether 
part  of  the  observed  increase  of  L^,  with  increase  of  temperature  is 

due  to  the  spool  itself  we  do  not  know. 

It  is  evident  that  we  must  either  keep  these  coils  continuously  at  a 
constant  temperature  when  measuring  their  inductances,  or  else  get 
some  new  ones  not  subject  to  so  large  temperature  coefficients. 
Whether  this  is  possible  we  do  not  know,  but  hope  soon  to  make  some 
trials  in  this  direction  and  also  to  study  more  carefully  the  magnitude 
of  the  temperature  coefficients  of  these  coils  and  their  causes. 
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This  method  of  measuring  inductance  is  capable  of  yielding  some- 
what better  results  than  those  given  above,  when  all  possible  refine- 
ments are  introduced.  It  seems  to  us  desirable  to  measure  in  this 
way  some  carefully  constructed  inductance  standards  whose  values 
can  be  computed  from  their  dimensions.  The  determination  of  such 
pairs  of  values  of  L  would  amount  to  an  absolute  determination  of  the 
international  ohm. 

We  are*  indebted  to  Mr.  C.  E.  Reid  for  assistance  in  making  some 
of  the  observations  recorded  in  this  paper  and  to  Dr.  N.  E.  Dorsey 
for  assistance  in  analyzing  the  curves. 


THE  ABSOLUTE  MEASUREMENT  OF  CAPACITY. 


By  Edward  B.  Rosa  and  Frederick  W.  Grover. 


1.  The  Method  Empix)yed. 

The  usual  method  of  determining  the  capacity  of  a  condenser  in 
electromagnetic  measure  is  MaxwelPs  bridge  method,  using  a  tuning 
fork  or  a  rotating  commutator  to  charge  and  discharge  the  condenser, 


F:o.  1. 


which  is  placed  in  the  fourth  arm  of  a  Wheatstone  bridge.  This  is  a 
null  method,  is  adapted  to  measuring  large  and  small  capacities  equally 
well,  and  requires  an  accurate  knowledge  only  of  a  resistance  and  the 
rate  of  the  fork  or  commutator. 
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The  formula  for  the  capacity  Cot  the  condenser  as  given  b}^  J.  J. 
Thomson,''  is  as  follows: 


C= 


a 


1- 


a' 


ncd 


{o+h+<I){a+c+g)_ ^ 


(1) 


in  which  a,  c^  and  d  are  the  resistances  of  thi'ee  arms  of  a  Wheatstone 
bridge,  h  and  g  are  battery  and  galvanometer  resistances,  respectively, 
and  n  is  the  number  of  times  the  condenser  is  charged  and  discharged 
per  second.     When  the  vibrating  arm  P  touches  Q  the  conden^r  is 

D 


Fig.  2. 


charged,  and  when  it  touches  R  it  is  short  circuited  and  discharged. 
When  /*is  not  touching  Q  the  ann  BD  of  the  bridge  is  interrupted 
and  a  current  flows  from  Z>  to  C  through  the  galvanometer;  when  P 
touches  Q  the  condenser  is  charged  by  a  current  coming  partly  through 
c  and  partly  through  g  from  C  to  D.  Thus  the  current  through  the 
galvanometer  is  alternately  in  opposite  directions,  and  when  these 
opposing  currents  balance  each  other  there  is  no  deflection  of  the  gal- 
vanometer. This  is  accomplished  by  varying  one  of  the  resistances, 
a,  e,  or  d.     The  capacity  may  then  !)e  computed  from  the  formula  (1). 


«  Phil.  Trans.,  18<S3. 
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Under  ordinary  circumstances  the  capacity  of  the  condenser  is  very 

nearly  given  by  the  first  part  of  the  formula  — ^,  the  remainder 
constituting  a  correction  factor  which  we  may  represent  by  F.     Then 

If  after  the  experiment  we  replace  the  condenser  and  conunutator 
by  an  accurately  calibrated  resistance  box,  and  vary  its  resistance 
until  the  bridge  is  balanced  while  a,  c^  and  d  remain  unchanged,  then 

—,=  ,=.  and  hence 
cd    R 

This  is  not  practicable  for  very  small  capacities,  as  Ji  would  then  be 
inconveniently  large  at  ordinary  values  of  n.  But  for  capacities  of 
0.01  microfarad  and  larger  this  can  usually  be  done.  Of  course,  if 
a,  c,  and  d  are  all  known  with  sufficient  accuracy  this  operation  may 
be  omitted. 

2.  The  C!orkection  Factor  F. 

The  correction  factor  J^,  as  we  have  called  it,  shown  in  equation  (1), 
may  be  written  as  follows: 

It  is,  of  course,  desirable  to  have  this  factor  as  nearly  equal  to  unity 

as  possible,  and  therefore  the  quantities  (  i-\ — h    j  and  (  l-\ — |-    j 

should  be  as  large  as  possible.  To  this  end  a  should  be  small,  e  and  d 
relatively  large.  Under  these  circumstances  the  values  of  b  and  g  are 
not  very  important,  although  it  is  generally  better  to  have  them  small. 
If  J  is  nearly  zero,  the  first  parenthesis  of  the  denominator  disappears, 
as  well  as  one  term  in  the  first  parenthesis  of  the  numerator,  and  the 
expression  for  F  is  somewhat  simplified.  Since  c  and  d  are  opposite 
branches  of  the  bridge,  their  product  is  constant,  and  therefore  increas- 
ing c  decreases  d;  both  should  be  as  large  as  possible,  in  order  to  make 
F  as  near  unity  as  possible,  but  there  are  other  reasons  to  be  given 
later  which  make  it  desirable  to  have  d  mucl^  larger  than  c. 
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To  show  how  the  value  of  F  varies  with  the  values  of  the  sevei-al 
quantities  a^  5,  i\  d^  f/,  we  have  computed  and  plotted  a  number  of 
values  in  the  curves  of  figs.  3  and  4.  In  each  case  a=^=100  ohms.  In 
the  curves  of  tig.  3  the  galvanometer  resistance  is  20  ohms,  while  the 
battery  resistance  is  0,  6,  and  12  ohms  in  the  three  curves,  respectively. 
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Ordinates  show  the  values  of  F  and  abscissas  increasing  values  of  d. 
The  value  of  F  falls  as  low  as  0.99  for  ^=6,000  ohms,  running  up  to 
0.995  at  about  12,000  ohms,  0.909  for  60,000  ohms,  and  0.9990  for 
c?=  160,000  ohms.  If  /?=100  per  second,  these  values  correspond  to 
capacities  of  1.67,  0.83,  0.167,  and  0.056  microfarads,  respectively. 
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Evidently  F  is  more  nearly  unity  as  the  frequency  n  is  smaller  and 
the  tmpaoity  of  the  condenser  is  smaller. 

The  difference  in  F  due  to  change  in  h  from  0  to  6  ohms  is  only 
0.0006  at  ^=10,000  and  0.00006  at  rf=  100,000.     In  our  own  experi- 
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150000  ohma. 


ments  h  was  usually  either  3  or  6  ohms,  and  hence  the  change  in  jPdue 
to  changing  the  battery  was  very  small,  and  a  suitable  correction 
easily  made. 

The  effect  of  changing  the  galvanometer  resistance  is  shown  in  the 
curves  of  fig.  4.     Here  a=<?=100  as  before,  J=6  and  ^=20,  100,  and 
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500  in  the  three  curve8,  respectively.  These  represent  actual  values 
employed  in  our  own  experiments.  The  differences  in  /'are  greater 
than  those  due  to  changes  in  the  battery,  amounting  to  0.0016  at 
rf=20,000  ohms  and  0.00037  at  100,000  ohms.  Obviously,  in  careful 
measurements^  it  is  important  to  ascertain  the  value  of  ^  for  each  case, 
and  such  curves  as  are  here  given  are  convenient  for  the  purpojje. 

.000] — 


.990 


.980 


.970 


.960 


.960 


.94a 


Fig.  6. 


To  show  how  much  the  factor  T'^may  vary  from  unit}',  if  the  resist- 
ances are  not  properly  chosen,  we  give  in  fig.  6  tliree  curves  in  which 
a=c=l,000,  J=6  ohms,  and  g  is  20,  100,  and  500,  respectively,  in  the 
three  curves,  corresponding  to  the  curves  of  fig.  4.  The  only  differ- 
ence between  this  case  and  that  of  fig.  4  is  that  here  the  two  equal 
ratio  coils  are  1,000  ohms  each  instead  of  100.     For  1  microfarad 


GROVKR.  J 


ABSOLUTE    MEASUREMENT    OF    CAPACITY. 


159 


(assuming  n=100)  d  would  be  10,000  and  j^  would  be  0.944,  using  the 
highest  resistance  galvanometer  and  0.953  using  the  lowest  resistance 
galvanometer.  For  0.1  microfarad  (Z=  100,000  ohms  and  J<= 0.995^ 
approximately.  In  fig.  6  the  ratio  coils  a  and  c  have  a  ratio  of  1  to 
10,  a  being  1,000  as  before,  but  c  is  increased  to  10,000,  and  d  therefore 
reduced  to  one-tenth  of  its  former  value,  being  1,000  for  1  mf  and 
10,000  for  0.1  mf.  The  factor  jPis  still  smaller,  varying  from  0.916 
for  1  mf  (<^=  1,000  ohms)  to  0.988  for  0.1  mf  (rf=  10,000).  It  would 
probably  be  impossible  to  balance  the  bridge  with  these  values  of 
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the  resistances,  as  we  shall  show  later,  but  so  large  a  correction  would 
be  very  undesirable  if  it  were  not  impossible.  By  choosing  the  resist- 
ances with  reference  to  the  expression  for  F^  however,  there  is  no 
trouble  in  making  the  correction  comparatively  small  in  every  case. 

3.  The  Charging  Cycle,  and  Circumstances  Affecting  the 

Completeness  of  the  Charge. 

When  the  tuning  fork  or  commutator  is  running  and  the  bridge  is 
balanced,  the  condenser  is  alternately  charged  and  discharged  as  the 
tongue  P  touches  Q  and  R^  respectively.     When  it  touches  R  the 
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condenser  is  short-circuited  through  a  negligible  resistance  and  the 
discharge  of  the  condenser  is  almost  instantaneous,  in  all  ordinary 
cases  being  complete.  But  the  charge  which  passes  into  the  condenser 
when  P  touches  Q  flows  from  the  battery  through  the  two  parallel 
paths  A  D  and  A  C  D^  and  if  their  resistances  are  considerable,  espe- 
cially if  the  frequency  of  the  fork  or  commutator  is  relatively  high,  it 
may  happen  that  the  condenser  is  not  completely  charged.  Evidently 
this  introduces  an  error,  as  the  capacity  is  computed  on  the  assump- 
tion that  the  condenser  is  fully  charged  before  P  leaves  Q,     It  is 


Fio.  "^ 


therefore  necessary  to  determine  the  conditions  for  complete  charge 
of  the  condenser,  for  different  capacities,  frequencies,  and  resistances. 
Consider  first  what  is  occurring  in  the  various  arms  of  the  bridge 
during  the  charging  cycle. 

Let  7=— ,  the  time  between  successive  charges. 
11 

^i=duration  of  the  charge,  or  time  that  Pis  in  contact  with  Q, 

^= electromotive  force  of  the  battery. 

^6*1= electromotive  force  on  BD  at  the  end  of  the  charge,  or 

final  potential  charging  the  condenser. 
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t^= Steady   current    flowing  through   the  galvanometer  from 

Dto  C  when  P  is  not  touching  Q. 
/^= variable  current  flowing  through  the   galvanometer  from 
C  U)  D  while  P  touches  Q. 
When  P  is  not  touching  Q  a  small  steady  current  ^  flows  through 
the  galvanometer  from  D  to  C\  joining  the  current  through  A  C  and 
thence  flowing  through   C  B^  as  in  an  ordinary  Wheatstone  bridge 
with  the  resistance  of  the  fourth  arm  infinite.     When  P  touches  Q  a 
rush  of  current  into  the  condenser  occurs,  through  the  parallel  circuits 
A  D  and  A  C  D.    The  portion  e„  of  this  passing  through  the  gal- 
vanometer is  shown  in  fig.  8,  and  when  the  galvanometer  is  balanced, 


FiO.  8. 


'^ 


the  total  quantity  flowing  from  CU)  D  during  the  charge,  or  I  i^  dt^ 

is  equal  to  the  quantity  flowing  from  />  to  (7  or  i^T.  At  the  moment 
of  breaking  contact  between  P  and  Q  the  charging  current  has  a  cer- 
tain value  7/1  n  which  should  be  negligibly  small,  but  which,  as  stated 
above,  is  sometimes  appreciable.     In  the  latter  case  the  galvanometer 

reading  is  likely  to  be  unsteady,  due  to  variations  in   I  ^^  dt^  since  the 

duration  of  t^  will  not  be  always  exactly  the  same  and  a  wrong  value  of 
C  will  be  found.     If,  however,  the  charging  is  over  before  contact  is 


162  Bl'LLETIN   OF  THE   BDREAD    OF  STANDARDS.       [vol.  l,  no.2. 

broken  (that  is,  if  the  remainder  I  ^  dt  which  would  flow  in  if,  contact 

were  continued  through  the  remainder  of  a  period,  is  negligible),  then 
the  the  exact  duration  of  t^  is  of  no  consequence,  the  galvanometer 
reading  will  not  vary  even  though  t^  varies,  and  a  correct  value  of  C 
will  result. 

Evidently  the  completeness  of  the  charging  of  the  condenser  will 
depend  on  (1)  the  quantity  CE^  which  is  necessary  for  complete  charge, 
(2)  the  duration  of  the  charge,  (3)  the  resistance  through  which  the 
condenser  is  charged,  and  (4)  the  electromotive  force  effective  in  pro- 
ducing the  charging  current.  Of  these  factors  the  first  will  depend 
upon  the  capacity  of  the  condenser  and  the  voltage  E^  to  which  it  is 
charged.  The  latter  depends  not  only  on  Et\iQ  voltage  of  the  battery, 
but  also  on  the  values  of  the  resistances  of  the  bridge.  If  d  is  very 
large  compared  with  a  and  c  the  potential  E^  on  the  condenser  at  the 
end  of  the  charge  will  be  nearly  as  great  as  if,  but  if  d  is  small  and  c 
large  this  potential  E^  is  smaller.  Hence,  although  the  time  required 
for  complete  charge  of  the  condenser  does  not  change  if  E  is  changed, 
the  resistances  remaining  the  same,  it  does  vary  if  E^  is  varied  by 
altering  the  resistances.  The  duration  of  the  charge  t^  depends  of 
course  on  the  construction  and  speed  of  the  commutator. 

E 
If  the  condenser  is  not  fully  charged,  the  quantity    ~o  (equation  3) 

will  not  give  the  true  capacity  C  but  an  apparent  capacity  C^  and  we 
may  put  * 

where  ^^  is  the  actual  charge  the  condenser  receives  and  E^  the  poten- 
tial to  which  it  is  charged.  The  expression  for  the  quantity  of  elec- 
tricity which  flows  into  a  condenser  of  capacity  C  in  the  time  t  is 

Qo=  Q{^-^~^'^)=  CE,{1-€-c'r)  (5) 

In  the  present  case  t=ty^  and  R^  the  resistance  through  which  the 
charging  takes  place  has  a  value  R^  yet  to  be  determined.     Hence 

=  C{1-A) 

where  C^  is  the  apparent  capacity  —^  and  A  is  the  correction  term 

depending  on  the  completeness  of  the  charge.    Thus  the  true  capacity  is 

_  F      \ 
^-VR  r=^  (6) 
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and  J.  is  to  be  made  as  small  as  possible.     Thus  we  may  correct  the 

F  .. 
value  of  the  capacity  (^derived  from  the  expression  Co=— pii  we 

know  the  values  of  the  quantities  ^i,  R^^  and  the  approximate  value  of 
C.  Usually  (7  and  C^  are  so  nearly  equal  that  CJ,  may  be  used  for  C 
in  the  exponential  expression  for  A.  We  can  easily  determine  t^  as  a 
fraction  of  T  by  putting  an  ammeter  in  place  of  the  condenser  and 
observing  the  angle  of  the  circumference  through  which  the  circuit 
remains  closed  in  the  charging  position  when  the  commutator  is  rotated 

through  an  angle  corresponding  to  one  cycle.  We  shall  now  deter- 
mine B^  and  then  show  not  simply  how  to  calculate  the  correction 


R 


■mmm- 


E 


Fig.  9. 
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term  A^  but  also  how  to  make  its  value  negligibly  small  in  every  case 
so  that  no  correction  need  be  applied. 

4.  The  Calculation  of  R,  and  the  Correction  Term  A. 

Suppose  we  have  a  circuit  including  a  condenser  of  capacity  C^  a 
resistance  B^  and  a  battery  of  resistance  h  and  e.  m.  f .  E,     Then  the 

quantity  entering  the  condenser  in  time  t  is 


q=CEyi  —  €    C(J2+6)j 


(T) 


The  resistance  through  which  the  condenser  is  charged  is  of  course 
ff+5,  the  whole  resistance  external  to  the  condenser. 
If  a  resistance  r  short-circuits  the  condenser,  a  steady  current  i^  will 
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flow  through  it  when  the  condenser  is  fully  charged,  and  the  potential 
to  which  the  condenser  is  charged  is  therefore 

To  find  the  expression  for  ^,  the  quantity  of  electricity  in  the  con- 
denser at  any  instant,  we  suppose  the  circuit  is  suddenly  closed  at  the 
battery,  and  as  the  condenser  receives  its  charge  the  difference  of 
potential  e  at  the  terminals  of  /•  rises  gradually,  being  always  equal  to 
the  difference  of  potential  of  the  terminals  of  the  condenser  which  are 
joined  to  the  circuit  by  wires  of  negligible  resistance.     Then 

t\  =  -       =the  current  at  any  instant  through  r. 

de 
i,=  C ^.  =the  current  at  any  instant  into  the  condenser. 

i  =15XX=^^®  current  at  any  instant  through  the  battery. 
Therefore,  since  /=/,+/„ 

E — e e  ^^  .^d-e 


Er-{R->t'b-\-r)e  _  ^de 


de  dt 


Er-{It+h+r)e~  L\B+h)r 

r-{R±b-{-r)df  _      nji+i±r)dt,,^ 
Jj:r-{Ii+f+r)e--J„    C(R^b)r    "^^ 

log  (^Er-iR+h+ryy-^^^-t  +K 

To  find  the  constant  of  integration  A'we  notice  that  when  t=o,  e=o; 
therefore 

\oft(Er)  =  K 
Hence, 

r  Er-{R+h+r)i\         (i?+i+r) 
log  (^ ^- )=—C\R+h)r  ' 

_{R±h+ry^     r*^<     Duttine  i?  =  <^+*>'" 
1  ^,  .  putting /f,     Ji^},^r 


BOOA. 
OKOVBS. 


] 


ABSOLUTE    MEASUBEMENT  OF   CAPACITY. 


165 


When  the  condenser  is  fully  charged  and  therefore  ^=/i,  the  value 
of  e  will  be  given  by  the  expression 

€  __       r 

Calling  this  final  value  of  the  potential  at  the  terminals  of  the  eon- 
denser  E^^  we  have 


e=E^     (1— f  >^2C) 

_  j_ 
or     q=CE^{l  —  e  R»c) 


(9) 
(10) 


This  expression  is  of  the  same  form  as  (7),  and  we  notice  that  the 

(Ii+b)r 
value  of  i?,  in  this  case,  j^ii.!    ^  is  the  joint  resistance  from  B  to  D 

through  the  two  paths  r  and 
H+h;  that  is,  the  resistance  ex- 
ternal to  the  condenser,  as  in  the 
simpler  case  fig.  9. 

We  have  assumed  in  this  dem- 
onstration that  the  circuit  is 
made  and  broken  at  E^  fig.  10. 
The  result  would,  however,  be 
the  same  if  it  were  made  and 
broken  at  C.  In  the  latter  case 
the  current  i^  would  be  flowing 
through  r  when  contact  is  made  r! 
at  C,  but  instantly  this  current 
would  cease  and  the  potential 
of  the  terminals  of  r  would 
become  equal,  since  the  two 
plates  of  the  condenser  have 
equal  potentials  when  contact  is  made.  For,  the  inductance  and  electro- 
static capacity  of  the  resistance  r  are  assumed  zero,  and  hence  joining 
its  terminals  to  the  plates  of  a  condenser  of  finite  capacity  would 
cause  it  to  assume  instantly  the  potential  of  the  condenser.  The 
current  i^  and  difference  of  potential  e  would  then  rise  logarithmically 
in  exactly  the  same  manner  as  if  the  circuit  had  been  made  at  E. 

We  see  from  the  foregoing  that  the  charge  q  of  the  condenser  rises 
to  its  final  value  logarithmically  in  exactly  the  same  time  that  it  would 
if  it  flowed  through  the  parallel  paths  H+b  and  ?•,  as  shown  in  fig.  11, 
the  battery  resistance  being  assumed  zero  in  the  latter  case.  The 
cases  are  not  alike,  however,  as  in  the  latter  the  whole  current  flows 
into  the  condenser  and  the  presence  of  r  accelerates  the  charge,  while 
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in  the  case  of  fig.  10  the  resistance  r  shunts  off  a  portion  of  the  cur- 
rent away  from  the  condenser.  But  in  this  case  the  total  charge  is 
less  than  in  the  case  of  fig.  11,  being  CE^  in  one  case  and  CE  in  the 

other,  E^  being  »>  ■  jl  i     ^'     Since  we  have  proved  that  the  time  of 

reaching  full  charge  is  exactly  the  same  in  both  cases,  it  is  evident 
that  these  two  opposing  influences  exactly  counterbalance  one  another; 
that  is,  that  r  tends  to  reduce  the  time  of  charge  of  the  condenser  in 

c 


Fig.  12. 


the  first  case  (fig.  10)  by  reducing  the  total  charge  exactly  as  much  as 
it  tends  to  increase  it  by  shunting  away  some  of  the  battery  current  L 
Referring,  therefore,  to  equation  (10)  we  see  that  R^  of  the  exponent, 
which  is  the  joint  resistance  external  to  the  condenser,  is  not  strictly 
the  resistance  through  which  the  condenser  is  charged,  hut  that  the 
time  of  charge  of  the  condenser  is  the  same  ds  though  it  were  if  the  con- 
denser were  charged  to  the  full  voltage  of  the  battery.  In  the  latter 
case  the  charging  current  is  larger  than  in  the  former,  but  the  time 
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required  to  reach  any  given  percentage  of  the  final  charge  is  the  same 
in  both. 

To  get  R^  in  the  case  of  the  Wheatstone  bridge,  fig.  7,  we  must 
find  similarly  the  total  resistance  external  to  the  condenser — that  is, 
from  B  to  D, 

Here  again  B^  will  not  be  the  resistance  through  which  the  conden- 
ser is  charged,  but  it  will  be  an  equivalent  resistance  if  the  condenser 
were    charged  to  the  full  voltage  of    the  battery.     Evidently  the 


FlO.  13. 


resistance  d  shunts  away  some  of  the  battery  current  that  would  other- 
wise go  into  the  condenser,  but  at  the  same  time  it  reduces  the  final 
voltage  to  which  the  condenser  is  charged,  and  so  reduces  the  quantity 
q  and  thus  the  charging  current  necessary.  We  require  the  network 
resistance  R^  from  B  to  I)^  and  then  the  exponential  expression  (10) 
will  give  us  the  time  required  for  the  condenser  to  acquire  any  given 
fractional  part  of  its  final  charge.  The  bridge  may  be  rearranged  as 
in  fig.  12,  and  since  we  wish  to  determine  the  resistance  of  the  net- 
work from  I)  to  By  outside  the  condenser,  we  may  take  the  case 
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shown  in  fig.  13  where  the  condenser  is  omitted  and  the  battery  trans- 
ferred from  AB  to  the  outside  branch  BD^  the  resistances  of  the 
five  branches  of  the  network  remaining  unaltered. 

The  distribution  of  currents  according  to  Kirchhoffs  first  law  is 
given  in  fig.  13,  and  by  the  second  law 


{i—x)  c+(i—.v—y)  J+0  = 

xg—i/a—{i—x)  €  =0 

ya+ix+y)  d—{i—x—y)h=0 


Equations  (8)  rearranged  give 

i  {b+c)-x  (b+c)  -yh  =F] 

—  ic  +x  (c+g)  —ya  =0 

-ib  +x  {b+(l)+y  {a+b+d)=0 

Solving  these  equations  for  I  we  have 


(8) 


m 


t  = 


E       -(5+c)       -h 
0      +(5+<f),  {a-\-h+d) 


E 


(i+<^),(a+*+<?) 


(J+c),-(i+c)  -h 
—c  +{c-\-g)  —a 
-h      +(*+rf),  {a-\-h+d 


(10) 


Hence,  since  ^,= 


E 


R,= 


{c+g\      -a 
{b+d),  (a+b+d) 

a  jb+c)  {d+ff)+bc  (d+g)+dg  (b+e) 
a  {b+c+d+ff)+(f>+d)  (c+g) 


(11) 


(12) 


This  is  the  resistance  of  the  network  from  B  to  D  of  fig.  13  and  hence 
also  of  fig.  7. 
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If  d  is  infinite  (that  is,  if  the  arm  CB  is  removed),  the  value  of  R^ 
becomes,  dividing  numerator  and  denominator  of  (12)  by  d—  oo , 


'  a+c+g  '^c+a+g 


(13) 


This  is  obviously  the  resistance  from  H  to  D  through  the  battery  of 
resistance  h  and  the  two  parallel  circuits  AD  and  A  CD  of  resist- 
ances c  and  a+g^  respectively.  This  is  a  much  simpler  expression 
than  (12)  and  yet  when  d  is  large  the  value  of  H^^  calculated  from  the 
assmnption  of  d=oo ,  nearly  agrees  with  the  true  value,  and  so  may  be 
used  in  determining  whether  the  condenser  in  any  given  case  is  fully 
charged.  The  following  numerical  examples  illustrate  the  calculation 
of  H^  and  of  the  completeness  of  the  charge  of  the  condenser  in  sev- 
eral special  cases, 
in  each  case  g=20  ohms. 

J =20  ohms. 

r=.01  sec. 

^i=.002  sec. 

Table  I. —  Values  of  correction  term  A. 
[Capacity =1  microfarad.] 


Que  I. ..ir  *■='•«»■ 

\d=      10,000 

^       _,      fa=d=l,000. 
Case  II  ,.< 

\c=      10.000 

,.x     fa=c=100... 

Casein. -K         ,„,^ 
\d=      10,000 

,„     |o=      100... 
Case  IV. .^      ^    ,  ^^ 
lc=d=l,000. 


J 

By  formula  12. 

Byapp 

roximate  formula  13. 

i2» 

ti 

tx 

tx 
R'iC 

tx 

499.74 

4.02 

0.0179 

524.9 

3.82 

0.022 

499.74 

4.02 

0.0179 

946.6 

2.12 

0.121 

1    74.12 

26.98 

1.9x10'" 

74.54 

26.83 

2.2x10"" 

U6.10 

17.24 

3. 3x10"® 

127.14 

16.73 

14.7x10'* 
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6.  Description  of  the  Commutator. 

The  design  of  the  commutator  is  shown  in  figs.  14,  15,  and  16. 
Fig.  14  gives  a  plan,^  and  fig.  15  a  front  elevation,  of  the  commutator, 
and  fig.  16  an  end  elevation  of  two  of  the  disks.  The  commutator 
consists  of  two  separate  and  distinct  instruments  combined  into  one, 
only  one  being  used  ordinarily  at  once.  The  first  part  consists  of  the 
disk  Z  and  the  two  sets  of  contact  pieces  and  brushes  belonging  to  it. 
This  constitutes  the  commutator  used  in  the  bridge  method  of  measur- 
ing capacity,  as  described  in  this  paper.  The  second  part  consists  of 
the  two  disks  X  and  I'^and  their  contact  pieces  and  brushes,  and  this 
constitutes  a  secohmmeter  or  double  commutator  for  use  in  comparing 
capacities  or  inductances  with  one  another,  or  in  comparing  a  capacity 
with  an  inductance. 

These  disks  are  mounted  on  a  steel  shaft  as  shown,  the  latter  being 
directly  coupled  to  a  driving  motor  capable  of  maintaining  a  very  con- 
stant speed.  At  the  opposite  end  of  the  shaft  from  the  coupling  is  a 
metal  disk  P,  behind  which  is  a  small  electric  lamp  N^  fig.  14.  There 
are  four  sets  of  fine  holes  in  the  disk  each  in  a  separate  circle  near  the 
circumference  of  the  disk,  the  holes  of  each  set  being  equally  spaced 
and  capable  of  being  viewed  through  a  microscope  mounted  in  front. 
The  objective  of  this  microscope  is  carried  on  one  prong  of  an  elec- 
trically driven  tuning  fork,  and  the  electric  lamp  is  so  placed  as  to 
illuminate  the  holes  of  any  one  of  the  four  sets  as  the  disk  revolves. 
There  are  4,  6,  8,  and  10  holes,  respectively,  in  each  of  the  four  series,' 
and  using  any  one  of  these  we  have  a  stroboscopic  method  of  compar- 
ing the  speed  of  the  disk  (that  is,  of  the  commutator)  with  the  rate  of 
the  fork.  For  example,  if  the  fork  vibrates  100  times  per  second  and 
the  microscope  is  set  to  observe  the  holes  of  the  first  series,  then  if 
the  commutator  is  running  at  a  speed  of  exactly  25  revolutions  per  sec- 
ond the  vertical  band  of  light  seen  in  the  microscope  will  appear 
stationary.  Any  variation  in  speed  will  be  indicated  by  the  shifting 
position  of  this  band.  If  the  lamp  and  miscroscope  be  shifted  laterally 
about  7  mm  the  fourth  series  of  holes  will  be  seen  and  a  speed  of  10 
revolutions  per  second  will  give  the  stationary  band  as  seen  before. 
Between  these  extreme  positions  lie  the  other  two  series  of  holes  which 
may  be  used  with  intermediate  speeds. 

a  PUxn  of  commutator — X,  F,  Z,  disks  of  hard  rubber;  h,  kj  brass  rings;  a,  6,  o,  d,  ^, 
projecting  segments;  C,  G,  brushes  touching  o,  6;  D,  //,  brushes  touching  c,  d,  e; 
A",  brush  touching  ring  h;  /,  (jr,  f^  g' ^  insulated  brass  segments;  -4,  E^  B,  F^  rubber 
posts  carrying  brushes,  latter  touching  segments.  T,  T/,  7^,  C^,  brass  rings,  on  which 
brushes,  /,  L,  J,  if,  bear;  P,  stroboscopic  disk;  iV,  lamp;  i2,  S^  bearings  of  shaft; 
Q,  Q^,  oil  cups.     (See  also  fig.  15. ) 
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This  method  of  measuring  the  speed  of  the  commutator  in  terms  of 
the  frequency  of  the  fork  is  very  convenient  and  sensitive.  We  found 
it  practicable,  by  recording  the  number  of  revolutions  on  a  chrono- 
graph together  with  the  second  beats  of  a  chronometer  to  redetermine 
the  frequency  of  the  fork  as  often  as  desired.  In  the  course  of  the 
work,  however,  we  found  another  method  of  controlling  the  speed, 
described  below,  which  proved  even  more  sensitive  and  more  accu- 
itite,  and  we  therefore  abandoned  the  stroboscopic  device  in  the  later 
work. 

The  end  of  the  shaft  next  this  stroboscopic  disk  carries  a  worm 
which  meshes  into  a  gear  of  50  teeth.  The  latter  carries  a  stud  which 
touches  a  platinum  point  at  every  revolution  of  the  gear,  correspond- 
ing to  50  revolutions  of  the  commutator.  This  makes  a  very  short 
electric  contact  which  gives  a  sharp  record  on  the  chronograph  sheet 
on  which  the  second  beats  of  the  chronometer  are  also  recorded. 
Reading  off  these  contacts  with  a  diagonal  scale  a  very  exact  value 
of  the  frequency  can  be  obtained,  supposing  it  to  be  maintained  con- 
stant for  a  few  minutes  at  a  time.  Examples  of  these  records  and  of 
the  calculated  frequency  will  be  given  later. 

Different  views  of  the  disk  Z  appear  in  figs.  14,  15,  and  16.  This 
disk  is  of  hard  rubber  and  is  2.5  cm  thick.  On  its  perimeter  two  rings 
of  bra^ss  are  mounted,  one  carrying  four  equidistant  projecting  seg- 
ments of  bmss  and  the  other  eight  narrower  segments,  each  about  half 
the  angular  breadth  of  the  first.  These  two  rings  are  metallically  con- 
nected and  a  brush  A'^(fig.  14)  bears  on  the  edge  of  one  ring.  Two  sets 
of  wire-gauze  brushes,  C^  G^  and  D^  11^  are  supported  on  hard  rubber 
posts  n^and  W\  Only  one  pair  of  brushes  is  used  at  a  time,  67  and 
G  or  I)  and  //.  In  the  first  case  contact  will  be  made  on  the  four- 
segment  ring  and  in  the  second  case  on  the  eight-segment  ring.  The 
brushes  are  set  at  such  angular  positions  that  only  one  touches  a  seg- 
ment at  once,  the  other  being  between  two  segments  during  contact  of 
the  first.  Referring  to  fig.  7,  the  brush  K  corresponds  to  the  tongue 
I\  and  the  brush  Cor  D  to  the  point  i?,  while  G  or  7/^ represents  Q, 
Thus,  as  the  commutator  revolves  and  the  brush  J{  is  alternately 
joined  to  C  and  {?,  the  condenser  is  discharged  and  charged  four 
times  per  revolution.  The  angular  breadth  of  segments  «,  J  is  such 
that  contact  between  K  and  Q  continues  for  about  one-fifth  of  a 
period,  and  if  the  commutator  is  running  at  ^5  revolutions  per  second 
the  frequency  of  charge  and  discharge  is  100  per  second  (7'=. 01)  and 
the  duration  of  charges  is  0.002  sec.  (See  p.  169.)  Using  the 
brushes  D  and  7/ the  frequency  would  be  doubled  at  the  same  speed 
of  the  commutator. 
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The  object  of  this  particular  construction  was  to  secure  the  highest 
possible  insulation  between  Q  and  R;  that  is,  between  the  brushes 
C'and  G,  When  brushes  bear  continuously  on  a  cylindrical  surface  of 
any  insulating  medium  in  which  metal  segments  are  inserted,  moisture, 
dirt,  and  metallic  particles  are  liable  to  gather  on  the  insulating  seg- 
ments and  reduce  the  insulation  resistance.  This  is  the  more  notice- 
able when  measuring  small  capacities,  as  those  of  air  condensers,  and 
under  these  circumstances  precise  measurements  are  difficult.  With 
the  brushes  touching  only  the  metallic  segments  and  one  brush  entirely 
off  the  disk  while  the  other  makes  contact,  we  have  the  insulation 
afforded  by  the  hard-rubber  columns  ir,  W  to  separate  R  and  Q. 
These  columns  are  undercut  (like  so-called  petticoat  insulators),  and 
the  length  of  the  leakage  path  over  the  surface  is  thereby  consider- 
ably increased.  The  connecting  wires  are  clamped  by  the  screws  at 
the  tops  of  the  hard-rubber  columns,  and  hence  the  circuits  are  thor- 
oughly insulated  from  the  base  of  the  instrument.  The  brush  /fisof 
phosphor  bronze  and  laminated.  The  brushes  C^  Z>,  (r^  //,  are  of  woven 
copper-wire  gauze  beveled  at  the  end,  so  that  the  tips  are  quite  flexi- 
ble. Each  brush  is  supported  by  a  phosphor-bronze  strip  at  the  back, 
which  is  adjusted  bv  means  of  the  screw  n*.  The  bnish  can  thus 
be  so  adjusted  as  to  make  good  contact  on  the  projecting  segments 
throughout  their  entire  breadth  without  bearing  so  hard  against  them 
as  to  wear  out  the  brush  too  rapidly.  The  commutator  runs  quietly 
and  Is,  on  the  whole,  verv  satisfactorv. 

Each  of  the  disks  Xand  ^'carries  four  insulated  brass  segments,  as 
shown  in  tig.  16.  The  two  opposite  brushes  of  each  disk  (A^  E^  and 
i?,  F)  make  contact  simultaneously  on  adjacent  segments.  Two  of 
these  segments  are  joined  to  the  ring  T  and  the  other  two  to  V^  the 
opposite  ones  being  joined  to  the  same  ring.  Thus,  as  in  a  secohm- 
meter,  the  two  brushes  /,  L  are  joined  successively  to  A^  ^and  E^  A 
as  the  disks  revolve,  so  reversing  any  electric  current  through  them. 
In  comparing  capacities  or  inductances  by  a  bridge  method  one  disk 
will  of  course  be  in  the  battery  circuit  and  the  other  in  the  galvanometer 
circuit. 

The  brushes  /,  Z, «/,  JTare  of  phosphor  bronze  and  laminated:  the 
brushes  A^  j5,  E^  T^areof  woven-wire  gauze  like  the  brushes  C.  D.  G^  IL 
and  are  mounted  similarly.  The  insulation  is  made  thorough  by  using 
hard-rubber  columns,  as  before. 

The  angular  position  of  one  disk  with  respect  to  the  other  may  l)e 
altered  so  as  to  give  any  desired  phase  relation  between  the  commuta- 
tion of  the  two  circuits. 
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7.  Measurement  of  the  Frequency. 

As  already  stated,  the  original  intention  was  to  determine  the  fre- 
quency of  the  charge  and  discharge  of  the  condenser  by  means  of  an 
electrically  driven  tuning  fork,  the  rate  of  the  fork  being  redetermined 
from  time  to  time.  The  stroboscopic  attachment  to  the  commutator 
indicated  when  the  speed  of  the  commutator  and  of  the  fork  were  alike. 
It  was,  however,  found  in  practice  that  the  speed  could  be  regulated 
by  observing  the  deflections  of  the  galvanometer  much  more  readily 
than  by  watching  the  movements  of  the  band  of  light  in  the  microscope 
of  the  stroboscopic  device.  ^  In  the  latter  case  the  band  of  light  would 
often  be  at  an  extreme  position  to  the  right  or  left  where  the  sensibil- 
ity is  a  minimum  and  insuflScient;  a  second  difficulty  was  that  when 
the  speed  varied  considerably  it  was  not  always  easy  to  decide  whether 
t  was  too  fast  or  too  slow,  while  a  third  objection  is  that  it  requires 
two  observers  constantly — one  at  the  galvanometer  telescope,  the  other 
at  the  microscope. 

On  the  other  hand,  abandoning  the  stroboscopic  device  altogether 
the  observer  at  the  galvanometer  telescope  could,  by  controlling  the 
speed  of  the  driving  motor,  keep  the  galvanometer  deflection  continu- 
ously at  or  near  zero,  and  the  number  of  revolutions  of  the  commuta- 
tor and  the  beats  of  a  chronometer  being  simultaneously  recorded 
on  the  chronograph,  the  mean  frequency  for  the  period  of  the  run 
could  be  afterwards  calculated  with  great  precision.  The  only  disad- 
vantage of  this  method  is  the  labor  of  taking  oflf  the  record  from  the 
chronograph  sheet;  but,  on  account  of  changes  in  the  frequency  of  the 
fork,  it  is  necessary  to  do  this  frequently  even  if  the  stroboscopic  device 
is  employed.  We  therefore  abandoned  the  use  of  the  tuning  fork 
entirely  and  determined  the  speed  of  the  commutator  for  every  sepa- 
rate measurement  by  a  sufficiently  long  record  on  the  chronograph  to 
give  the  desired  accuracy. 

In  the  earlier  part  of  our  work  we  used  a  small  driving  motor  and 
found  difficulty  in  securing  sufficient  constancy  of  speed  to  keep  the 
galvanometer  balanced.  Small  variations  in  the  friction  in  bearings 
or  brushes  of  commutator  or  motor  varied  the  load  and  so  the  speed. 
We  have  since  used  two  different  driving  arrangements  which  have 
been  satisfactory.  One  was  a  testing  set  consisting  of  a  lO-horsepower 
motor  and  two  direct-connected  generators,  the  commutator  being 
directly  coupled  to  the  shaft  at  one  end  of  the  set.  WMth  this  arrange- 
ment there  was  large  momentum  and  very  uniform  friction,  and  the 
speed  was  controlled  by  a  carbon  rheostat  in  the  armature  circuit  of 
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the  driving  motor.  The  brushes  and  bearings  being  kept  in  good 
condition,  the  speed  could  be  maintained  remarkably  uniform  for  any 
desired  period.  The  most  serious  objection  to  this  arrangement  was 
that  the  machines  were  too  heavy  to  take  into  the  laboratory,  and  the 
work  was  done  in  the  dynamo  room.  The  driving  machine  employed 
at  present  is  a  small  motor-generator  set  (0.5  kw.  motor  and  a  0.3  kw. 
alternator),  which  are  mounted  conveniently  on  a  wooden  base  which 
also  accommodates  the  commutator.  A  comparatively  heavy  &y  wheel 
is  used  to  steady  the  speed,  and  a  light  load  is  usually  added  by  light- 
ing up  two  electric  lamps  from  the  generator.  The  galvanometer  is 
so  sensitive  that  the  slightest  fluctuations  in  speed  are  noticeable,  and 
hence  bearings  and  brushes  must  always  be  kept  in  good  condition 
and  end  thrust  of  the  shaft  avoided. 

It  is  of  course  not  possible  to  hold  the  speed  exactly  constant,  nor  the 
galvanometer  exactly  on  zero.  The  observer  keeps  his  hand  con- 
stantly on  the  wheel  of  the  carbon  rheostat  and  quickly  checks  any 
tendency  toward  increase  or  decrease  of  speed  as  indicated  by  the  gal- 
vanometer deflection  going  to  the  right  or  left.  Such  small  deflections 
to  the  right  and  left  are  balanced  against  each  other  during  the  run  so 
that  the  average  deflection  is  as  nearl}'  zero  as  possible,  and  this  can 
be  done  so  well  that  there  is  no  advantage  in  actually  recording  these 
deflections  and  then  computing  a  correction  from  the  average  deflec- 
tion, as  the  coiTCction  is  insignificant.  By  this  method  of  keeping  the 
resistances  constant  and  holding  the  deflection  as  nearly  zero  as  possi- 
ble for  three  or  four  minutes  while  the  number  of  revolutions  is  being 
recorded  on  the  chronograph  we  get  nearly  the  same  result  as  though 
the  speed  had  been  kept  strictly  constant  and  the  mean  of  a  number 
of  settings  of  the  resistance  were  taken. 

We  give  below  two  tables  showing  the  determination  of  frequency 
in  a  number  of  cases  for  each  of  the  driving  systems  emplo3'ed,  that 
of  March  30  using  the  heavy  machines,  when  measuring  the  capacities 
of  air  condensers,  and  that  of  July  27  using  the  lighter  machines,  when 
measuring  the  capacities  of  some  mica  condensers. 
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Tablb  III. — Examples  of  the  detemiination  of  the  frequency  in  six  runs  of  March  SO. 


Run  1. 

Run  3. 

Chronograph  record. 

Chronograph  record. 

Interval. 

Interval. 

Beginning. 

End. 

Beginning. 

End. 

Min.  sec. 

iftn.   sec. 

Seconds. 

Min,   sec. 

Min.  sec. 

Seconds. 

0    20.44 

3    58.38 

217.94 

0    12.63 

3    58.58 

225.95 

22.43 

4      0.38 

.95 

14.63 

4      0.58 

.95 

24.44 

2.39 

.95 

16.63 

2.57 

.94 

26.44 

4.39 

.95 

18.62 

4.57 

.95 

28.44 

6.39 

.95 

20.62 

6.57 

.95 

30.44 

8.39 

.95 

22.62 

8.57 

.95 

32.44 

10.39 

.95 

24.62 

10.57 

.95 

34.44 

12.39 

.95 

26.61 

12.57 

.96 

36.44 

14.38  • 

.94 

28.61 

14.56 

.95 

38.44 

16.38 

.94 

30.61 

16.56 

.95 

21,800  charge8=     217.947  seconds. 

22,600  charge8=     225.950  seconds. 

n-£^J^^^— 100.024. 

n-^^;^-100.022. 

217.947 

225.950 

Run  2. 

1 

i 

Run  4. 

Min,  sec. 

Min,  sec. 

Seconds. 

1  Min.  sec. 

Min,  sec. 

Seconds. 

5    18.35 

9    14.68 

236.33 

4    50.57 

8    46.75 

236.18 

20.35 

16.68 

.33 

52.57 

48.75 

.18 

22.36 

18.68 

.32 

t          54.58 

50.  f  6 

.18 

24.37 

20.69 

.32 

56.58 

52.76 

.18 

26.37 

22.69 

.32 

58.58 

54.76 

.18 

28.38 

24.69 

.31 

1     5      0.58 

56.76 

.18 

30.38 

26.69 

.31 

2.59 

58.76 

.17 

32.38 

28.69 

.31 

4.59 

9      0.76 

.17 

34.39 

30.70 

.31 

6.59 

2.77 

.18 

36.39 

32.70 

.31 

8.59 

4.77 

.18 

23,600  chargee=     236.317  seconds. 

23,600  charge8=     236. 178  seconds. 

w-^'^„-99.868. 

23,600  _^^  925. 

236.317 

236.178 

L 
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Table  III. — Examples  of  the  determination  of  frequency — Continued. 


Chronogra 

Run  5. 

1 

Run  6. 

j                      1 
ph  record. 

Chronograph  record. 

T_A 1 

Interval. 

xiiLci  vai. 

Beginning. 

End.        1 

1 

Beginning. 

End. 

Min.  sec. 

Min.  sec.           Seconds.     ' 

Min.  sec. 

Min.  sec. 

Seconds. 

1      2.27 

4    56.19          233.92      i 

5    46.19 

9    56.33 

250.14 

4.27 

58. 20                .93 

48.19 

58.34 

.15 

6.28 

5      0. 19                .  91 

50.19 

10      0.34 

.15 

8.27 

2. 19                .  92 

52.19 

2.34 

.15 

10.28 

4. 19                .  91       1 

54.20 

4.34 

.14 

12.27 

6. 19                .  92 

56.20 

6.34 

.14 

14.28 

8. 19                .  91 

58.20 

8.34 

.14 

16.28 

10. 19                .  91 

6      0.20 

10.34 

.14 

18.27 

12. 19                .92 

2.20 

12.35 

.15 

20.27 

14. 19                 .  92 

4.21 

14.35 

.14 

23,400  chargee=     233.917  seconds. 

25,000  charge6=     250.144  seconds. 

n=^^J^^=100.035. 

"=^3^.-99.943.                   ' 

233.917 

250.144 

R081 
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Table  IV. — Examples  of  determination  of  th€  frequency  from  runs  made  July  SI. 


Run  1. 

Run  3. 

» 

,     Chronograph  record. 

Chronograph  record. 

Interval. 

* 

Interval. 

1                       1 

Beginning.          End. 

! 

Beginning. 

End. 

.  Min.    sec. 

Min.    sec. 

Seconds. 

Min.    sec. 

Min.    sec. 

Seconds. 

2    38.71 

6      5.37 

206.66 

15    46.51 

19    17.23 

210. 72 

40.50 

7.18 

.68 

48.26 

18.98 

.72 

42.29 

8.98 

.69 

50.03 

20.73 

.70 

44.10 

10.78 

.68 

51.73 

22.47 

.74 

45.90 

12.58 

.68 

53.48 

24.20 

.72 

47.69 

14.38 

.69 

55.22 

25.95 

.73 

49.49 

16.17 

.68 

56.96 

27.69 

.73 

51.28 

17.97 

.69 

58.71 

29.43 

.72 

63.08 

19.76 

.68 

16      0.45 

31.17 

.72 

54. 89              21. 56 

.67 

2.18 

32.90 

.72 

23,000  charge8=     206.680  seconds. 
"^i?'^x-111.283. 

24,200  charges=     210.722  seconds. 

n-£^'^^-114.844. 

206.680 

210.722 

Run  2. 

Run  4. 

1 

-  Min.    sec. 

Min.    sec. 

Seconds. 

Min.    sec. 

Min.    sec. 

Seconds. 

8    50.27 

12    16.09 

205.82 

21     25. 77 

24    55.48 

209.71 

52.07 

17.84 

.77 

27.49 

57.23 

.74 

53.80 

19.60 

.80 

29.24 

58.96 

.72 

55.56 

21.35 

.79 

30.97 

25      0. 69 

.72 

57.34 

23.12 

.78 

32.70 

2.42 

.72      , 

59.08 

24.87 

.79 

34.45 

4.16 

.71 

9      0.84 

26.63 

.79 

36.17 

5.90 

.73 

2.60 

28.38 

.78 

37.90 

7.62 

.72 

4.37 

30.16 

.79 

39.63 

9.35 

.72 

6.12 

31.90 

.78 

41.37 

11.08 

.71 

23,400  chaige8=     205.789  seconds. 
n-?J^ -113.708. 

24,200  chaige8=     209.720  seconds. 
24,200     J  j5  3^ 

f 
i 

205.789 

c 
t 

209.720 
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Table  IV. — ExampUa  ofdetemiination  of  the  frequency  from  runs  made  July  ^ — Cont*d. 


Run  5. 

1 

Run  6. 

1 

Chronograph  record. 

Chronograph  record. 

1 

Interv^al. 

I--  -  -  - —    — 

Interval. 

1 

Beginning.          End. 

1 

Seconds. 

Beginning. 
Min.    sec. 

End. 

1 

Mm,    Mc. 

Min.    sec. 

Min.    sec. 

Seconds.     [ 

27    44.45 

31     12. 18 

207.73 

32    39.65 

36    10.34 

210. 69      , 

46.16 

13.90 

.74 

41.38 

12.07 

.69 

47.86 

15.60 

.74 

43.10 

13.76 

.66 

49.59 

17.32 

.73 

44.79 

15.48 

.69      , 

51.31 

19.04 

.73 

46.52 

17.19 

.67 

53.05 

20.76 

.71 

48.24 

18.90 

.66 

54.75 

22.48 

.73 

49.94 

20.62 

.68 

56.47 

24.19 

.72 

51.65 

22.34 

.69 

58.19 

25.91 

.72 

53.37 

24.07 

.70 

59. 91     1          27. 64 

.73 

55.08 

25.75 

.67 

1 

24,200  charge8=     207.7 

28  seconds. 

24,600  charge8=     210.680  seconds. 

n=-24,200^jl,^ 

198. 

n=|*i^=116.- 

r64.            ' 

207.728 

210.680 

1 

Ten  readings  fi"om  the  chronograph  sheet  at  the  beginning  of  the 
run  are  given  in  the  first  column  and  t^n  at  the  end  of  the  run  in  col- 
umn two;  the  differences  in  column  three  give  the  interval  of  time 
corresponding  (in  run  1,  Table  111)  to  5,450  revolutions  of  the  com- 
mutator or  21,800  charges  of  the  condenser,  since  the  condenser  was 
charged  and  discharged  four  times  for  every  revolution  of  the  com- 
mutator. This  gives  a  frequency'  of  100.024.  The  resistance  of  the 
third  arm  of  the  bridge  was  then  increased  by  500  ohms  (from  342,460 
to  342,960)  and  the  speed  decreased  until  the  bridge  was  balanced, 
when  run  2  was  made,  and  23,600  charges  and  discharges  were  effected 
in  236.317  seconds,  or  a  frequency  of  99.866.  Condenser  No.  2  was 
then  put  in  place  of  1,  and  the  speed  of  the  motor  having  been  restored 
to  its  initial  value,  run  3  was  made,  giving  a  frequency  of  100.022. 
The  resistance  was  then  increased  by  350  (from  337,960  to  338,310), 
the  speed  reduced  until  the  bridge  was  again  balanced,  and  run  4  was 
made,  showing  a  frequency  of  99.925.  Runs  5  and  6  were  similarly 
made  with  the  two  condensers  in  parallel.  The  further  data  of  these 
run??  are  given  in  Table  VII. 
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Table  IV  gives  the  data  for  determining  the  frequency  for  six  runs 
of  July  27,  using  the  smaller  driving  motor  while  measuring  the 
capacity  of  some  mica  condensers  of  0.01  mf  each.  The  first  five  runs 
were  m^de  on  five  different  condensers,  and  no  attempt  was  made  to 
have  the  speed  the  same  for  the  different  runs^  The  data  given  show 
that  the  mean  speed  of  the  motor,  and  thus  the  mean  frequency  of  the 
charge  and  discharge  of  the  condenser,  can  be  determined  with  very 
high  accuracy,  the  variations  in  the  separate  determinations  of  the 
interval  being  scarcely  more  than  the  error  of  reading  the  chrono- 
graph record.  Of  course  there  are  slight  variations  of  speed  during 
the  inteiTal,  but  they  are  exceedingly  small,  and  the  galvanometer 
deflections  show  their  magnitude.  The  actual  deflection  of  course 
depends  upon  the  sensibility  of  the  galvanometer  and  the  magnitude 
of  the  capacity  being  measured.  Taking  a  special  case  as  an  example 
of  running  under  favorable  conditions,  a  change  in  the  speed  of  one 
part  in  ten  thousand  produced  a  deflection  of  1.0  mm;  the  maximum 
deflection  during  the  run  was  not  more  than  1.0  mm,  and  hence  the 
maximum  deviation  of  the  speed  from  uniformity  was  not  more  than 
one  part  in  ten  thousand.  The  average  variation  was  probably  not 
more  than  one  part  in  twenty-five  thousand.  The  error  in  the  result 
due  to  variations  in  speed  would  be  even  less  than  this,  since  the  posi- 
tive and  negative  deflections  are  balanced  against  each  other,  and 
therefore  the  average  speed  will  correspond  to  the  setting  of  the 
bridge,  probably  to  within  one  part  in  fifty  thousand.  Other  sources 
of  error  are  more  troublesome  than  the  uncertainty  in  the  frequency 
of  charge  of  the  condenser. 

It  occurred  to  us  that  such  a  combination  of  a  Wheatstone  bridge 
and  condenser  could  be  used  as  an  auxiliary  apparatus  for  holding  the 
speed  of  a  motor  steady  for  other  purposes,  and  we  have  used  it  in 
that  way  for  some  recent  absolute  measurements  of  inductance."  1'here 
are  other  important  physical  quantities  the  determination  of  which 
involve  the  accurate  measurement  of  angular  velocity,  as  the  velocity 
of  light,  and  Lorenz's  method  of  determining  resistance  in  absolute 
measure,  where  this  method  of  controlling  the  speed  might  be  used 
advantageously. 

«The  Absolute  Measurement  of  Inductance,  read  at  the  International  Electrical 
Congress,  St.  Louis,  Mo.     (See  this  Bulletin,  p.  125.) 
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8.  The  Measurement  of  Capacity  of  Mica  Condensers. 

The  Bureau  of  Standards  possesses  a  mica  condenser  made  by  Siemens 
&  Halske,  of  Berlin,  which  has  been  frequently  measured  during  the 
past  six  months.  It  consists  of  four  parts,  of  0.5,  0.2,  0.2,  and  0.1  mf, 
respectively.  We  give  in  Table  V  the  detailed  data  of  one  determina- 
tion of  each  section,  and  in  Table  VI  the  results  of  all  the  measurements 
which  have  been  made  on  the  four  sections  of  the  condenser.  The 
temperature  coeflScient  of  a  mica  condenser  is  considerable,  and  it  is 
difficult  to  ascertain  what  its  temperature  is  unless  it  has  be%n  in  a 
region  of  constant  temperature  for  some  hours.  Some  of  the  measure- 
ments given  were  made  when  there  was  an  uncertainty  of  a  degree  or 
more  in  the  temperature  of  the  condensers,  and  hence  the  agreement 
of  the  results  is  not  as  good  as  the  capacity  determinations  would 
demand.  Nevertheless,  the  results  show  a  very  satisfactory  concord- 
ance, and  indicate  that  the  capacity  of  the  condensers  (except  possibly 
the  smallest  section)  has  remained  very  constant. 

Table  V. — Determ'matioii  of  capacity  of  miea  condensers. 


Date. 

1904. 

April  2 

Do 

Do 

Do 


No. 


1 
2 
3 
4 


[a=r=100ohm8;  6^3,  p=20.] 


Con- 
denser. 


mf 
0.2 
0.2 
0.1 
0.5 


R 


49714 
49914 
99407 
19793 


F 


0.99884 
0.99884 
0.  9994a 
0.99711 


n 


99.980 

99.943 

100.073 

100.085 


a= 


F    I 


0.200968  0.000087 
0.200226  :  0.000067 
0.100465  !  0.000087 
0.503593  i  0.000037 


e=c,-r 


0.200921 
0. 200189  ' 
0.100428 
0.603556  I 


B08A. 
OBOTKB. 
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Table  VI. — Summary  of  determincUions  of  capacity  of  mica  condensers. 
[One  microfarad  in  four  sections— 0.5,  0.2,  0.2,  and  0.1.] 


Condenser 

and  temperature 

coefficient. 

No. 

Date. 

Temper- 
ature. 

Measured 
values  of  C. 

CJorret'tion 
to  20°. 

c^P. 

Average      * 
deviation 
from  mean. 

190^ 

1. 

o 

mf 

0.5  mf 

1 

Jan. 

5 

22.5 

0.60330 

+0.00025 

0.60855 

-0.00020 

2 

Jan. 

27 

22.8 

0.60836 

+0.00028 

060363 

0000028  mf 
=6.6  In 
100,000 

3 
4 

Jan. 
Apr. 

29 
2 

23.0 
20.0 

0.50328 
0.60366 

+0.00080 
0 

0.60858 
060366 

5 

Apr. 

12 

16.5 

0.60401 

-0.00045 

0.60356 

6 

May 

20 

24.0 

0.50624 

+0.00040 
Mean 

0.50864 

* 

0.60369 
0200182 

0.2  mf 

Jan. 

8 

22.5 

0.200100 

+0.000082 

-0.000165 

H 

Feb. 

8 

22.5 

0.200070 

+0.000082 

0200162 

9 

Mar. 

26 

22.5 

0.200050 

+0.000082 

0.200182 

0.000027  mf 

=13.5  ip 

100,000 

1 

10 
11 

Mar. 
Mar. 

29 
30 

23.0 
23.5 

0.200183 
0.200011 

+0.000099 
+0.000116 

0.200282 
0.200126 

12 

Apr. 

2 

20.0 

0.200201 

0 

0200201 

13 

Apr. 

12 

15.6 

0.200316 

-0.000148 

0200167 

14 
15 

May 
Jan. 

20 
5 

24.0 

0.200025 

+0.000132 
Mean 

•      +0. 000076 

0.200167 

0.200169 

0.2mf 

22.5 

0.200780 

0200856 

-0.00016 

16 

Feb. 

3 

22.5 

0.200810 

+0.000076 

0  200686 

17 

Mar. 

26 

22.5 

0.200664 

+0.000076 

0.200929 

18 

Mar. 

29 

23.0 

0.200870 

+0000090 

0.200960 

19 

Mar. 

30 

28.6 

0.200770 

+0.000105 

0.200876 

0.000027  mf 

20 

Apr. 

2 

20.0 

0.200933 

0 

0.200933 

^13.5  in 

21 

Apr. 

5 

21.6 

0.200863 

+0.000045 

0  200908 

100.000 

22 

Apr. 

9 

22.6 

0.200640 

+0.000075 

0.200916 

28 

Apr. 

U 

14.0 

0.201020 

-0.000180 

0200840 

24 

Apr. 

12 

16.6 

0.201038 

-0.000136 

0.200903 

25 
26 

May 

20 

24.0 
22.5 

0.200768 

+0000120 
Mean 

+0000013 

0200878 

0200898 

0. 1  mf 

Feb. 

3 

0.100410 

0100453 

-0.000176 

1 

27 
28 
29 

Mar. 
Apr. 
Apr. 

29 

2 

11 

23.0 
20.0 
14.0 

0.100379 
0.100431 
0.100447 

+0000052 

0 
-0.000105 

0.100431 
0100431 
0100342 

0.000083  mf 
=38  in 
100,000 

80 

Apr. 

12 

15.6 

0. 100470 

-0000078 

0100392 

81 

May 

20 

24.0 

0. 100310 

+0.000070 
Mean 

0.100380 

1 

0.100405 

1 

Table  V  is  self-explanatory.  The  correction  factor  A  was  of  course 
negligible.  The  quantity  c  is  the  capacity  of  the  commutator,  lead 
wire  joining  Pto  the  condenser,  and  the  terminal  on  the  condenser  to 
which  the  wire  is  joined.  As  this  varies  with  the  length  and  position 
of  the  wire  joining  the  condenser  to  P,  the  correction  capacity  c  is 
determined  for  every  set  of  observations.     In  making  this  measure- 
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ment  the  plugs  are  removed,  both  wires  remaining  connected  to  the 
terminals  of  the  condenser. 

If  4  is  disconnected  from  B  (fig.  17)  the  capacity  falls  off  from 
0.0000366  to  0.0000256,  due  to  the  large  reduction  of  the  capacity 
from  the  terminal  A^  including  the  bar  A'  to  the  blocks  B^  C,  2>,  E^  F. 
If  /j  is  detached  from  A  (leaving  it  as  nearly  as  possible  in  its  former 
position),  the  capacity  c  falls  to  0.0000196,  a  further  reduction  due  to 
subtracting  the  capacity  of  A  A,     Adding  15  cm  of  wire,  the  capacity 

to  A(fl£r.  7)* 

'to  B  (flR.Tl 


R 


1^ 

111  I 


5  mf. 


F 
0.5 


0.2  mf. 


[i;!o.2  mf. 


'l'j 


-H 


r 


lillO.i  mf. 

»L'J 


E 
0.2 


D 

0.2 


V 

0.1 


V-/^ 


D 


MICROFARAD 


A' 


Fig.  17.— Connections  for  mica  condenser. 

c  increased  to  0.0000215.     These  figures  illustrate  the  importance  of 
taking  the  capacity  c  always  in  the  same  way. 

The  chief  cause  of  variation  in  the  capacities  of  the  mica  condensers 
given  in  Table  VI  is  the  uncertainty  in  their  temperature,  as  alread}^ 
stated.  The  measurements  were  made  in  the  temporary  laboratory 
of  the  Bureau  of  Standards  where  the  diurnal  change  of  temperature 
was  excessive.  The  condenser  was  usually  kept  in  a  thermostat  for 
some  hours  before  measuring,  but  it  was  necessary  to  remove  it  from 
the  thermostat  and  carry  it  to  the  dynamo  room  in  the  basement  for 
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measurement,  and  an  uncertain  change  in  temperature  resulted,  in 
some  cases  probably  amounting  to  a  degree  or  more.  Moreover, 
some  of  these  measurements  were  made  in  testing  the  commutator  and 
perfecting  the  method  and  were  considered  preliminary;  more  care 
would  have  been  taken  in  ascertaining  the  temperature  of  the  con- 
denser if  it  had  been  supposed  the  results  were  to  be  of  permanent 
value.  We  mean  to  make  a  new  series  of  measurements  under  more 
favorable  temperature  conditions  in  the  near  future. 

Plotting  out  the  results  for  the  four  sections  with  temperatures  and 
values  of  C  as  abscissas  and  ordinates,  respectively,  we  find  a  slightly 
diflferent  temperature  coefficient  for  each  section,  ranging  from  15  to 
20  parts  in  100,000  per  degree.  Reducing  the  values  of  all  to  20^  C. 
bj^  means  of  these  temperature  coefficients,  we  have  the  values  given 
in  column  7  of  the  table.  The  average  deviation  of  a  single  deter- 
mination from  the  mean  is  5.6  parts  in  100,000  for  the  0.5  mf  section, 
13.5  for  each  of  the  two  0.2  mf  sections,  and  33  for  the  0.1  mf  section. 
The  last  is  excessive  and  may  possibly  be  due  to  an  actual  change  in 
the  value,  the  last  three  determinations  differing  considerably  from 
the  first  three.  With  the  exception  of  the  smallest  section  these  mean 
deviations  amount  to  less  than  the  variation  in  the  capacity  for  0^.7  C. 
It  is  thus  evident  that  if  a  series  of  determinations  are  to  agree  closely 
among  themselves  the  temperature  must  be  carefully  determined.  It 
is  also  evident  that  if  the  temperature  is  constant  a  good  mica  con- 
denser is  an  instrument  of  precision  and  can  be  trusted  to  hold  its 
value. 

9.  The  Measurement  of  Capacity  of  Air  Condensers. 

The  first  measurements  made  were  on  a  so-called  air  leyden,  pur- 
chased bv  the  Bureau  from  Kelvin  &  Jas.  White.  The  results  are 
shown  in  the  first  part  of  Table  VII.  The  correction  capacity  c  was 
very  large  in  this  case,  because  the  commutator  was  in  an  adjoining 
room  from  the  bridge  and  condenser,  and  the  connecting  wires  were 
several  meters  in  lensfth.  In  this  determination  three  values  of  the 
resistance  d  were  used  (388,100;  386,000;  384,000  ohms)  and  the  speed 
varied  to  balance  the  bridge  in  each  case. 

The  two  larger  air  condensers.  No.  \  and  No.  2,  were  designed  by 
us  and  built  in  the  instrument  shop  of  the  Bureau.  We  desired  a  suf- 
ficiently large  air  capacity  to  use  as  a  standard  in  obtaining  the  constant 
of  a  ballistic  galvanometer,  which  latter  was  to  be  employed  in  deter- 
mining the  capacity  of  mica  condensers  with  relatively  long  charging 
periods.     Each  condenser  has  200  nickel-aluminum  plates,  about  20  cm 
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square,  0.064  cm  thick,  and  0.218  cm  apart.  They  are  mounted  in  a 
similar  manner  to  the  Kelvin  "air  ley  den,"  being  thoroughly  insulated 
on  hard-rubber  columns  and  inclosed  in  a  cylindrical  case. 

In  the  measurements  the  terminal  which  is  joined  to  the  case  of  the 
condenser  is  always  connected  to  the  point  i?,  the  other  terminal  not 
connected  to  any  exposed  surface  being  joined  to  P.  If  these  connec- 
tions are  reversed  the  measured  capacity  depends  upon  the  surround- 
ings of  the  condenser,  increasing  if  a  person  approaches  the  condenser. 
The  correction  capacity  c  must  be  made  with  even  greater  care  than 
for  mica  condensers,  since  it  is  relatively  larger.  In  joining  the  con- 
densers in  parallel  and  in  series  the  cases  of  the  condensers  are  joined 
together,  in  the  former  case  the  two  interior  terminals  being  con- 
nected to  P, 

The  capacity  in  series  is  one-fourth  the  capacity  in  parallel,  since 
the  two  are  nearly  equal.  The  object  of  measuring  them  in  parallel 
and  in  series  was  to  check  the  determination  with  the  values  calculated 
from  the  separate  determinations.    The  agreement  is  very  satisfactory. 

The  increase  in  the  capacity  of  these  condensers  between  April  12 
and  May  21  was  due  to  a  change  in  their  adjustment  due  to  moving. 
They  were  not  designed  to  be  portable. 

We  are  indebted  to  Dr.  N.  E.  Dorsey,  assistant  physicist  of  the 
Bureau,  for  valuable  assistance. 
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OPTICAL  PYROMETRY. 


By  C.  W.  Waidner  and  G.  K.  Burgess. 


Introduction. 

It  is  becoming  generally  recognized  by  engineers  and  technical  men 
in  charge  of  industrial  processes  carried  out  at  high  temperatures 
that  it  is  usually  necessary  to  measure  and  control  the  temperatures  of 
these  processes,  and  many  instances  might  be  cited  where  a  change  of 
less  than  20°  C.  in  the  heat  treatment  radically  alters  the  resulting 
product,  and  often  such  a  small  temperature  change  occurring  unno- 
ticed necessitates  later  the  rejection  of  the  completed  product. 

For  a  long  time  the  problem  of  estimating  high  temperatures  was 
dependent  on  the  trained  eye  of  the  workman,  but  with  the  high 
degree  of  accuracy  with  which  temperatures  must  be  controlled  to-day 
in  many  specialized  lines  of  work,  the  requirements  are  such  as  can 
be  fulfilled  only  by  the  use  of  a  sensitive  pyrometer.  The  two  great 
advantages  resulting  from  the  use  of  the  pyrometer,  which  are  at 
once  evident,  are: 

(1)  Once  the  proper  method  of  working  a  particular  product  has 
been  found,  this  operation  can  be  indefinitely  repeated,  thus  render- 
ing possible  the  exact  duplication  of  products. 

(2)  The  reproduction  of  any  particular  product  is  no  longer  locked 
up  in  the  experience  of  a  few  workers,  but  becomes  a  matter  of  per- 
manent record,  which  may  be  consulted  at  any  time. 

In  this  connection  should  be  emphasized  the  advantage  arising  from 
the  use  of  the  same  standard  scale  of  temperature  whatever  type  of 
pyrometer  is  employed,  for  this  alone  renders  possible  that  important 
factor  in  the  advance  of  scientific  and  technical  knowledge — the  inter- 
change of  experience  among  men. 

There  are  many  instances  in  practice  where  it  is  impossible  to  make 
use  of  any  form  of  pyrometer  which  must  be  brought  into  contact  with 
the  substance  operated  upon,  whether  it  be  from  the  inaccessibility  of 
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the  object,  its  being  in  motion,  or  because  the  contact  may  be  detri- 
mental to  the  object  or  pyrometer.  For  all  these  cases  and  also  where 
a  rapid  examination  for  the  uniformity  of  temperature  over  a  consid- 
erable area  is  required,  some  form  of  pyrometer  entirely  separated 
from  the  substance  or  furnace  and  thus  acting  at  a  distance  is  required, 
that  is  an  optical  or  radiation  pyrometer;  and  again,  for  the  estimation 
of  very  high  temperatures,  such  a  pyrometer  is  the  only  form  of 
instrument  available. 

There  is  an  impression  current  that  an  optical  pyrometer  is  of  neces- 
sity a  very  delicate,  mysterious  piece  of  laboratory  apparatus,  not 
fitted  for  shop  practice,  and  not  to  be  trusted  except  in  the  hands  of  an 
expert,  and  even  then  giving  results  of  uncertain  reliability;  but  one 
of  the  primary  objects  of  this  paper  is  to  show  that  there  are  several 
trustworthy  optical  pyrometers  available,  simple  in  operation,  and 
suited  to  the  most  varied  and  exacting  requirements  of  scientific 
laboratories  and  technical  works. 

In  response  to  numerous  inquiries  which  have  been  addressed  to  the 
Bureau  of  Standards  on  the  availability  and  choice  of  pyrometric 
methods  for  particular  problems,  an  experimental  investigation  of  all 
the  leading  types  of  optical  pyrometers  obtainable  has  been  carried  out 
This  investigation  has  also  been  stimulated  by  the  great  advances  that 
have  been  made  recently  in  the  development  of  optical  pyrometry, 
advances  resulting  in  the  production  of  several  simple  and  trustworthy 
instruments,  called  into  existence  on  the  one  hand  by  the  pressing 
industrial  need  of  them,  and  rendered  possible  on  the  other  hand  largely 
by  the  great  progress  made  during  the  past  ten  years  in  our  knowledge 
of  the  laws  of  radiation  from  incandescent  bodies. 

These  questions  will  be  treated  under  the  following  headings: 

(1)  General  discussion  of  optical  pyrometry; 

(2)  Laws  of  radiation; 

(3)  Methods  of  optical  pyrometry; 

(4)  Description  of  instruments,  including  their  calibration,  range, 
sources  of  error,  and  precision; 

(5)  Comparison  of  various  types  of  optical  pyrometers; 

(6)  Special  problems  in  optical  pyrometry. 

It  may  be  well  to  state  at  this  point  by  way  of  explanation  of  the 
method  of  treatment  adopted  in  this  paper,  that  it  has  been  the  aim  of 
the  authors  to  discuss  the  subject  from  the  point  of  view  of  its  appli- 
cation primarily  to  industrial  processes,  and  to  answer  those  questions, 
that  their  observations  in  the  shop  and  consultations  with  the  experts 
in  charge  of  these  processes  have  shown  nearly  always  arise  when  the 
applications  of  optical  pyrometers  are  considered.    Their  experience 
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with  these  instruments  has  also  strongly  impressed  them  with  the  wide 
field  of  usefulness  of  these  pyrometers  in  scientific  laboratories  for 
many  lines  of  research. 

A  r^sum6  of  the  most  important  work  done  in  recent  years  on  the 
laws  of  radiation  has  been  added  for  the  two-fold  reason  that  it  is  the 
basis  of  the  entire  subject  of  radiation  pyrometry  and  that  this  work 
has  not  hitherto  been  available  to  English  readers.'' 

1.  General  Discussion  of  Optical  Pyrometry. 

The  temperature  of  bodies  may  be  estimated  from  the  radiant 
energy  emitted,  either  in  the  form  of  visible  light  radiation  or  of  the 
longer  inf  i-a  red  waves  that  are  studied  by  their  thermal  effects.  For 
the  estimation  of  temperature  in  this  way  use  is  made  of  the  so-called 
laws  of  radiation.  It  would  be  beyond  the  scope  of  this  paper  to  more 
than  briefly  outline  the  researches  that  have  been  made  in  recent  years 
bearing  on  the  laws  of  radiation.  All  that  will  be  attempted  here 
will  be  a  statement  of  these  laws,  with  a  brief  outline  of  the  experi- 
mental evidence  on  which  they  are  based,  and  the  way  in  which  they 
have  been  applied  to  give  an  idea  of  temperatures  beyond  the  range 
of  all  ordinary  pyrometers  that  have  to  be  exposed  to  the  tempera- 
tures to  be  measured,  e.  g.,  the  temperatures  of  the  filament  of  an 
incandescent  lamp,  the  electric  arc,  the  electric  furnace,  and  the  boiling 
points  of  metals. 

A  number  of  excellent  pyrometers  have  been  introduced  into  prac- 
tice that  are  based  on  the  photometric  measurement  of  the  intensity 
of  the  light  emitted  by  incandescent  bodies. 

Most  of  these  pyrometers  measure  photometrically  the  intensity  of 
the  red  radiation.  This  is  done  for  two  reasons,  first,  because  the 
color  of  the  light  from  the  incandescent  source  will  undergo  wide  vari- 
ations as  the  temperature  changes  and  it  will  thus  be  difficult  to  com- 
pare it  with  the  light  from  some  standard  source,  so  that  by  passing 
the  radiation  from  both  sources  through  a  red  glass  (or  prism)  the 
photometry  is  reduced  to  the  comparison  of  two  lights  of  the  same 
color;  and  secondly,  the  use  of  the  red  radiation  enables  the  measure- 
ments to  be  carried  down  to  lower  temperatures,  as  red  light  is  the 
first  to  become  visible. 

When  we  consider  the  enormous  increase  in  the  intensitv  of  the 
light  with  rise  in  temperature,  this  method  appears  especially  well 
adapted  to  the  measurement  of  high  temperatures.  Thus,  for  exam- 
ple, if  the  intensity  of  the  red  light  A.=0.656/i,  emitted  by  a  body  at 

o  Since  the  beginning  of  this  work  an  excellent  discussion  of  the  laws  of  radiation 
by  A.  L.  Day  and  C.  E.  Van  Orstrand  has  appeared  in  the  Astrophys.  J.,  19,  p.  1 ;  1904. 
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1000^  C.  is  called  1,  at  1500^  C.  the  intensity  will  be  over  130,  and  at 
2000^  C.  over  2100  times  as  great.  The  rapid  increase  of  the  photo- 
metric intensity  of  the  light  in  comparison  with  that  of  the  tempera- 
ture is  also  shown  by  the  following  table  from  a  paper  by  Lummerand 
Kurlbaum,'*  for  light  emitted  by  incandescent  platinum.  The  strip  of 
platinum,  made  in  the  form  of  a  hollow  cylinder,  was  heated  electric- 
ally and  the  intensity  of  the  light  emitted  from  its  surface  was  meas- 
ured photometrically.  The  corresponding  temperatures  were  mea^j- 
ured  by  a  thermocouple  placed  inside  the  platinum  cylinder.  If  T^  and 
/g  are  the  intensities  of  the  light  emitted  at  the  absolute  temperatures 
Tj  and  T^  (not  differing  many  degrees  from  one  another),  then  if  we 
write 


'irQJ 


the  values  of  .r  at  various  absolute  temperatures  (^^C+273^)  are  as 
follows: 

T^  abs.  X 

~900-~  30 

1000-  25 

1100-  21 

1200^  19 

UOO^  18 

1600-  15 

1900^  14 

From  this  table '^  it  will  be  seen  that  at  100<)^  absolute  (727^  C.)  the 
intensity  of  the  light  increases  twenty-five  times  as  rapidl}'  as  the  tem- 
perature; at  1900"  absolute  (1627^  C.)  fourteen  times  as  rapidly. 

It  i>  this  rapid  change  in  intensity  of  light  with  change  in  tempera- 
ture that  makes  it  possible  for  the  trained  eye  of  the  workman  to  esti- 
mate the  appi'oximate  temperature  in  the  many  industrial  operations 
dependent  on  temperature  control. 

It  would  therefore  appear  that  a  system  of  pyrometry  based  on  the 
intensity  of  the  light  emitted  by  incandescent  bodies  would  be  an  ideal 
one,  inasmuch  as  a  comparatively  rough  measurement  of  the  photo- 
metric intensity  would  n>easure  the  temperature  quite  accurately. 
This,  however,  is  only  partly  true;  it  is  limited  somewhat  by  the  fact 
that  different  bodies,  although  at  the  same  temperature,  emit  verv 
different  amounts  of  light.     Thus  the  intensity  of  the  radiation  from 

«  Lummer  and  Kurlbaurn:  Verh.  d.  Deutsch.  Phys.  (les.,  11,  p.  89;  1900. 
^Al.so  thestMlata  give  approximately  7>=25,000.     See  E.  Rasch.  Ann.  d.  Phys., 
14,  p.  198;  1904. 
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incandescent  iron  or  carbon  at  1000^  C,  for  example,  Is  many  times 
greater  than  that  emitted  by  magnesia  or  polished  platinum  at  the 
same  temperature.  In  other  words,  the  intensity  of  the  light  emitted 
is  not  a  function  of  the  temperature  alone,  but  is  dependent  on  other 
properties  of  the  body,  such  as  the  condition  of  its  surface  and  its 
composition.  Consequently,  if  any  conclusions  were  dmwn  as  to  the 
tempemtures  of  these  bodies  from  the  light  that  they  emit,  it  might 
lead  to  large  errors. 

The  possibility  of  erroneous  conclusions  that  might  be  drawn  from 
such  a  system  of  optical  pyrometry  is  still  further  emphasized  in  con- 
sidering the  result  to  which  it  would  lead  if  applied  to  the  measure- 
ment of  the  temperatures  of  flames.  Here  the  intensity'  of  the  light 
would  vary  with  the  thickness  of  the  flame  in  the  line  of  sight.  If 
applied  to  the  measurement  of  the  temperature  of  a  colorless  Bunsen 
flame  the  method  would  entirely  fail. 

At  first  sight  the  diflBculties  here  enumerated  might  seem  insur- 
mountable, and  suflBcient  to  condemn  the  use  of  optical  pyrometry. 
Such,  however,  is  foiliinately  not  the  case.  It  therefore  becomes  neces- 
sary toexamine  more  in  detail  the  principles  on  which  optical  pyrometry 
is  based,  its  limitations,  advantages,  and  the  necessary  precautions  that 
must  be  observed  in  overcoming  the  difficulties  enumerated  above. 
For  this  purpose  it  will  be  necessary  to  briefly  review  the  recent 
progress  that  has  been  made  in  the  study  of  the  mdiation  laws  giving 
a  connection  between  tempemture  and  intensity  of  radiation. 

Kirchoff  ^  in  one  of  the  most  important  contributions  to  the  theory 
of  mdiation  was  led  to  the  important  conception  of  what  he  termed  a 
^^  black  body,"  which  he  defined  as  one  which  would  absorb  all  radia- 
tions falling  on  it,  and  would  neither  reflect  nor  tmnsmit  any.  He 
further  pointed  out  clearly  the  important  fact  that  the  radiation  from 
such  a  body  is  a  function  of  the  temperature  alone,  and  is  identical 
with  the  radiation  inside  an  inclosure  all  parts  of  which  have  the  same 
tempemture.  The  first  experimental  realization  of  a  black  body  as  a 
practical  laboratory  appaiatus,  was  made  by  Wien  and  Lummer*  by 
heating  the  walls  of  a  hollow  opaque  inclosure  as  uniformly  as  possible 
and  observing  the  mdiation  coming  from  the  inside  through  a  very 
small  opening  in  the  walls  of  the  inclosure. 

It  is  evident  at  once  that  such  a  body  will  absorb  pmctically  all  the 
radiation  incident  through  the  small  opening,  and  this  whatever  the 
material  of  the  walls,  for,  unless  the  walls  are  totally  reflecting,  all 

«  Kirchoff :  Pog.  Ann.,  109,  p.  275;  1860.     The  important  contributions  of  Balfour 
Stewart  in  this  field  must  also  be  considered. 

^  Wien  and  Lummer:Wied.  Ann.,  56,  p.  451;  1895. 
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the  radiation  will  be  absorbed,  except  that  poilion  which  might  again 
escape  through  the  opening;  the  presence  of  the  opening  therefore 
causes  a  slight  departure  from  ideal  black  body  conditions. 

The  radiation  from  a  black  body  being  a  function  of  the  temperature 
only,  makes  it  of  great  importance  in  the  experimental  study  of  the 
laws  of  radiation,  where  a  relation  is  sought  between  the  temperature 
of  the  body  and  the  energy  radiated,  whether  the  total  energy  or  the 
energy  associated  with  some  particular  wave  length. 

No  body  is  known  whose  surface  radiation  is  exactly  that  of  a  black 
body.  The  radiation  from  carbon  and  iron  approximates  fairly  near 
to  black  body  radiation,  while  the  radiation  from  polished  platinum 
and  the  white  oxides  departs  very  far  from  it.  Black  body  radiation 
corresponding  to  temperatures  from  that  of  liquid  air  or  lower  up  to 
1600^  C.  (or  much  higher  if  suitable  materials  are  chosen)^  are  now 
available  in  the  laboratory.  For  temperatures  up  to  about  600^  C, 
this  is  realized  by  immersing  a  metallic  or  other  vessel  in  a  con- 
stant temperature  bath  (liquefied  gas,  vapor,  or  fused  salt)  and 
observing  the  radiation  from  the  interior  through  a  small  opening  in 
the  walls.  At  higher  temperatures  it  is  very  difficult  to  heat  the  walls 
of  the  inclosure  uniformly,  especially  with  gas  flames.  Lummer  and 
Kurlbaum*  have  very  satisfactorily  overcome  this  difficulty  in  their 
electrically  heated  black  body,  which  is  shown  in  section  in  tig.  1. 
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CONCENTRIC   PORCEUUN   TUBES 


COLO  JUNCTION  OF  COUPLE 


AMMETER 


Fig.  1.— Electrically  heated  black  body. 

The  central  porcelain  tube  is  wound  over  with  thin  platinum  foil 
through  which  passes  an  electric  current,  which  can  be  adjusted  to 

« Iridium,  carbon,  or  refractory  tubes  that  become  conducting  at  liigh  tempera- 
tures. 

&  Lummer  and  Kurlbaum:  Verb.  d.  Deutscb.  Phys.  Ges.,  17,  p.  106-111;  1898. 
Ann.  d.  Phys.  117  (4),  6,  p.  82^-836;  1901. 
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maintain  any  desired  temperature  up  to  1600^  C.  This  tube  is  pro- 
vided with  a  number  of  diaphragms  to  minimize  the  disturbing  effects 
of  air  currents.  To  protect  this  inner  tube  from  external  influences 
and  to  diminish  unnecessary  heat  losses,  it  is  surrounded  by  several 
porcelain  tubes  and  air  spaces,  as  shown  in  the  figure.  The  radiation 
from  the  uniformly  heated  region  near  the  center  and  which  passes 
out  through  the  end  of  the  tube,  is  a  very  close  approximation  to  the 
ideal  black  body  radiation  of  Kirchoflf.  The  temperature  of  this  cen- 
tral region  is  measured  by  means  of  a  carefully  calibrated  thermo- 
couple. 

As  has  already  been  stated,  if  magnesia,  poi'celain,  platinum,  iron, 
etc.,  are  heated  to  the  same  temperature  they  will  emit  very  different 
amounts  of  light.  If,  however,  these  bodies*  are  heated  inside  a  black 
body,  they  will  all  emit  equal  radiation,  and  on  looking  into  the  small 
opening  all  details  of  their  contour  will  be  lost,  the  whole  region  being 
of  uniform  brightness. 

An  electrically  heated  black  body  is  used  in  the  calibration  of  the 
various  radiation  pyrometers  which  will  be  described  later.  The  ques- 
tion which  naturally  arises  at  this  point  is,  what  is  the  use  of  calibmting 
an  optical  pyrometer  to  measure  the  temperatures  of  a  black  body 
when  in  one  case  the  instrument  is  to  be  used  to  measure  the  temper- 
ature of  a  piece  of  steel,  and  in  another  case  the  temperature  of  a  piece 
of  porcelain?  If  the  porcelain  were  actually  at  a  temperature  of 
1200'^  C. ,  say,  such  a  calibrated  optical  pyrometer  would  give  something 
like  llOO'^  C,  because  a  black  body  at  1100^  C.  radiates  as  much  as  the 
porcelain  does  at  1200^  C.  On  the  other  hand,  for  iron  at  1200°  C.  the 
same  optical  pyrometer  would  give  about  1140°  C,  because  iron  approx- 
imates more  nearly  to  a  black  body.  Again,  suppose  one  experimenter 
has  found  that  in  hardening  a  particular  grade  of  steel  a  temperature 
of  700°  C.  (1290°  F.),  as  measured  by  a  thermocouple,  gives  the 
desired  product.  Then  if  another  experimenter  used  an  optical  pyrom- 
eter (calibrated  against  a  black  body)  to  measure  the  temperature  of 
the  same  grade  of  steel  just  before  harden^'ng  and  found  it  700°  C, 
(1290°  F.)  he  might  get  a  product  very  different  from  that  obtained 
by  the  first  process,  and  for  the  reason  that  the  steel  would  in  reality  be 
at  a  temperature  of  about  720°  C.  (at  which  temperature  its  radiation 
is  equal  to  that  of  a  black  body  at  700°  C). 

It  is  clear  that  the  answer  to  these  questions,  or  at  least  a  proper 
understanding  of  them,  is  of  considerable  importance.     The  most  evi- 

olt  is  here  assumed  that  the  radiation  is  purely  thermal  and  that  no  part  is  due  to 
luminescence,  as  the  laws  of  radiation  are  only  directly  applicable  where  such  is  the 
case. 
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dent  solution  is  to  make  the  bod}'  whose  temperature  is  to  be  meas- 
ured as  nearly  a  black  bod}"  as  possible.  Then  the  optical  pyrometer 
will  read  true  temperatures — i.  e.,  the  same  as  a  calibrated  thermo- 
couple (gas  thermometer  scale). 

For  example,  if  a  porcelain  tube  with  closed  bottom  be  immersed  into 
the  lead-hardening  bath,  the  radiation  coming  from  the  bottom  of  this 
tul)e  will  ho  a  close  approximation  to  that  of  a  black  body,  especiall}" 
if  the  inside  of  the  tube  is  blackened  with  iron  or  nickel  oxide,  for 
example.  Again,  such  a  tube,  or  a  metal  one,  projecting  into  the  gas 
heating  or  annealing  furnace  would  solve  the  problem  very  satisfac- 
torily. Moreover,  in  many  of  the  practical  cases  that  arise  the  con- 
ditions fortunately  approximate  those  of  a  black  body.  Thus,  the 
tempemture  of  a  piece  of  porcelain  is  not  measured  in  the  open 
air,  but  generally  inside  a  furnace  whose  walls  are  very  often  at  a 
tempei-ature  not  very  different  from  that  of  the  porcelain.  The  same 
approximation  to  black  body  radiation  arises  in  many  cases,  e.  g.,  a 
pot  of  glass  in  the  furnace,  interior  of  kilns,  annealing  furnaces,  etc. 
In  many  other  cases,  however,  the  radiation  is  very  different  from 
that  of  a  black  body,  as  for  the  white-hot  gases  from  the  Bessemer 
converter  for  which  an  optical  pyrometer  would  give  temperatures 
several  hundred  degrees  too  low.  Nevertheless,  its  indications  would 
always  be  consistent  and  would  serve  as  a  valuable  check  on  the 
chemical  tmnsformations  going  on  down  in  the  heart  of  the  furnace. 

To  sxuninarize^  the  difficulties  of  and  the  obje(*tions  to  the  use  of 
optical  p3^rometers,  which  have  been  referred  to,  are  then  answered 
in  the  way  already  indicated,  that  in  many  of  the  technical  operations 
the  radiation  is  an  approximation  to  black  body  radiation;  in  many 
others  it  can  easil}^  be  made  so,  in  which  cases  the  various  radiation 
pyrometers  will  give  true  temperatures,  and  when  such  ideal  condi- 
tions can  not  be  approximated,  these  pyrometers  at  least  give  consist- 
ent results  and  will  likely  be  just  as  useful  in  most  cases  as  if  they 
recorded  true  temperatures.  Thus  in  the  problem  already  referred  to 
when  the  temperature  of  a  hardening  bath  was  measured  in  one  case 
with  a  thermocouple  and  in  the  other  with  an  optical  pyrometer  the 
observer  using  the  latter  would  soon  learn  the  proper  temperature  at 
which  to  set  his  optical  pyrometer  and  would  then  be  able  to  repeat 
his  conditions  after  that  with  an  accuracy  satisfying  every  requirement. 

The  term  ''"'hlack  hody  temperaUire^^  has  come  into  quite  extensive 
use  and  is  of  great  convenience  in  the  discussion  of  pjn'ometric  prob- 
lems. The  temperatures  indicated  by  a  radiation  pyrometer  that  has 
been  calibrated  against  a  black  l)ody  are  known  as  black  body  tempera- 
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tures.     Thus,  in  the  example  already  given,  where  a  piece  of  iron  and 

a  piece  of  porcelain  were  both  at  1200*^  C,  the  optical  pyrometer, 
which  used  the  red  light  emitted,  gave  as  the  temperature  of  these 
bodies  1140°  and  1100°  C,  respectively.  This  means  that  iron  and 
porcelain  at  1200°  C.  emit  red  light  of  the  same  intensity  as  is  emit- 
ted by  a  black  body  at  1140°  and  1100°  C,  respectively.  The  "  black 
body  temperature"  of  these  materials  for  green  light  would  differ 
quite  appreciably  from  that  for  red  light.  It  is  evident  that  if  the 
''black  body  temperature"  of  different  bodies,  e.  g.,  carbon  and  plati- 
num, are  equal,  their  actual  temperatures  may  differ  considerably  (80"" 
C.  or  so,  at  1500°  C).  This  violates  the  ordinary  conception  of  equal 
temperatures,  which  is  based  on  thermal  equilibrium  between  the  bodies 
if  brought  into  contact. 

The  results  of  our  experiments  on  radiation  from  iron  and  copper 
oxides,  porcelain,  fire  clay,  and  platinum  are  discussed  on  pages  243-250, 
under  the  head  of  ''  Departure  from  black  body  radiation." 

The  temperature  of  any  body,  therefore,  as  measured  by  an  optical 
pyrometer,  will  in  general  (luminescence  effects  excluded)  be  lower 
than  its  true  temperature  by  an  amount  depending  on  the  departure 
of  its  radiation  from  that  of  a  black  body.  There  is  another  source  of 
error,  however,  that  may  act  in  the  direction  of  making  the  pyrometer 
read  too  high,  namely,  due  to  light  reflected  by  the  body  whose  tem- 
perature is  being  measured  coming  from  surrounding  flames  and  hotter 
objects.  Experiments  giving  the  magnitude  of  the  errors  that  may 
arise  from  this  cause  and  methods  of  eliminating  them  are  discussed 
on  page  253,  under  the  head  of  ''  Diffuse  and  reflected  light." 

2.  Laws  of  Radiation. 

stefan-boltzmann's  law. 

Naturally  the  first  relation  sought  between  intensity  of  radiation 
and  temperature  was  one  for  the  total  radiant  energy  sent  out  by  a 
body.  Numerous  attempts  to  express  such  a  relation  were  made  by 
Newton,  Dulong  and  Petit,  Rosetti,  and  others.  These  attempts, 
however,  merely  resulted  in  empirical  expressions  that  held  only 
through  narrow  lunges  of  temperature.  The  first  important  step  was 
made  by  Stefan,"  who,  in  examining  some  of  the  experimental  data  of 
Tyndall  on  the  radiation  from  incandescent  platinum  wire  in  the 
interval  525°  C.  to  1200°  C,  was  led  to  the  conclusion  that  the  energy 

"Stefan:  Ber.  d.  K.  Akad.  d.  Wise.,  Wien,  79  B,  2  Abth.,  p.  391-428;  1879. 
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radiated  was  proportional  to  the  fourth  power  of  the  absolute  temper- 
atures. This  relation  seemed  to  be  further  supported  by  the  best 
experimental  data  of  other  observers,  at  least  to  within  the  limit  of 
accuracy  of  their  observations.  Stefan  was  under  the  impression  that 
this  was  a  perfectly  general  relation  that  held  for  the  radiation  of  any 
solid  body.  Subsequent  work  has  shown  that  this  is  not  the  case,  and 
that  it  is  only  true  for  the  energy  of  total  radiation  from  a  black  body. 
This  relation  received  independent  confirmation  from  Boltzmann,"  who 
deduced  it  from  thermodynamic  reasoning,  assuming  the  existence  of 
the  light  pressure  in  the  direction  of  propagation  of  the  wave,  as  was 
predicted  by  Maxwell  and  by  Bartoli,  making  one  further  assumption 
as  to  the  spectml  composition  of  radiation  undergoing  change  of  den- 
sity. The  existence  of  the  light  pressure  has  since  been  determined 
experimentally  by  Lebedew*  and  by  Nichols  and  Hull.^  The  remain- 
ing assumption  made  by  Boltzmann  concerning  the  spectral  comjx)- 
sition  of  the  radiation  was  subsequently  proved  by  Wien.  The 
conditions  imposed  by  Boltzmann,  in  his  discussion  on  the  nature  of 
the  radiation,  were  such  as  are  fulfilled  by  the  radiation  from  a  black 
body.  This  relation,  which  has  now  come  to  be  generally  known  as 
the  Stefan- Boltzmann  radiation  lau\  may  then  be  stated  as  follows: 

The  energy  radiated  hy  a  hlack  hody  is  proportional  to  the  fourth 
'power  of  the  ahs( flute  temperature^  or 

where  E  is  the  total  energy  radiated  by  the  body  at  absolute  temper- 
ature Tto  the  body  at  absolute  temperature  7^  ,  and  A^  is  a  constant. 

This  law  has  received  abundant  experimental  support  throughout 
the  widest  range  within  which  temperature  measurements  can  be  made 
from  the  researches  of  Lummer,  Kurlbaum,  Pringsheim,  Paschen,  and 
others.  Physicists  have  therefore  come  to  regard  this  as  something 
more  than  a  purel}"  empirical  expression. 

An  illustration  of  the  experimental  evidence  in  support  of  this  law 
is  given  in  the  following  table  taken  from  the  experiments  of  Lummer 
and  Kurlbaum.'' 


a  Boltzmann:  Wied.  Ann.,  22,  p.  291;  1884;  p.  31;  1884. 

^Lebedew:  Ann.  d.  Phys.,  0,  p.  433;  1901. 

cE.  F.  Nichols  and  G.  F.  Hull:  Phys.  Rev.,  18,  p.  307;  1901:  17,  pp.  26,  91;  1903. 

<i  Lummer  and  Kurlbaum:  Verh.  d.  Deutsch.  Phys.  Gee.,  p.  110;  1898. 
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Absolute  temperature. 

E 

T 

• 

To 

Black  body. 

Polished 
platinum. 

Iron  oxide. 

372.8 

492 

654 

795 
1108 
1481 
1761 

290.5 

290 

290 

290 

290 

290 

290 

108.9 
109.0 
108.4 
109.9 
109.0 
110.7 

4.28 

6.56 

8.14 

12.18 

16.69 

19.64 

33.1 
33.1 
36.6 
46.9 
65.3 

It  will  also  be  seen  from  this  table  that  while  the  intensity  of  the 
total  radiation  of  iron  oxide  is  four  or  five  times  that  of  polished  plati- 
num, it  is  still  considerably  less  than  that  emitted  by  a  black  body. 
The  total  radiation  from  other  than  black  bodies  increases  more 
rapidly  than  the  fourth  power  of  the  absolute  temperature,  so  that 
as  the  temperature  is  raised  the  radiation  of  all  bodies  approaches 
that  of  the  black  body. 


LAWS  OF   ENERGY   DISTRIBUTION. 

Among  the  first  facts  to  be  noticed  about  the  nature  of  the  radiations 
sent  out  by  bodies  were  that  at  low  temperatures  these  radiations 
consisted  of  ether  waves  too  long  to  affect  the  human  eye.  As  the 
temperature  was  raised,  shorter  and  shorter  waves  were  added  which 
could  finally  be  detected  by  the  eye,  the  first  of  the  visible  radia- 
tions producing  the  sensation  termed  red,  then  orange,  etc.,  until  the 
violet  waves  were  reached,  which  were  the  shortest  waves  that  the  eye 
could  detect. 

It  has  long  been  known  that  if  light  from  an  incandescent  source  is 
passed  through  a  prism  the  waves  are  spread  out  into  a  spectrum  with 
the  longer  red  waves  at  one  end  and  the  shorter  violet  waves  at  the 
other  end.  When  instruments  like  the  thermopile,  bolometer,  etc., 
for  detecting  minute  quantities  of  radiant  energy  were  exposed  in  the 
dark  region  of  the  spectrum  beyond  the  red,  it  was  found  that  a  very 
considerable  part,  indeed  the  largest  part,  of  the  energy  of  the  radia- 
tion was  present  in  this  region  which  is  termed  the  infra-red  part  of 
the  spectrum.  Similarly  by  exposing  fluorescent  substances  or  photo- 
graphic plates  in  the  region  of  the  spectrum  beyond  the  violet,  it  was 
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found  that  i-adiations  were  also  present  in  the  ultra-violet  part  of  the 
spectrum.  Midler  was  amonjif  the  first  to  map  out  the  energ\'  cori*e- 
sponding  to  different  wave  lengths  in  the  infra-red  region  of  the  solar 
spectrum  by  exposing  a  thermopile  in  different  parts  of  the  spectrum. 
Tyndall,  Desains,  Curie,  Lamansk}',  and  others  examined  in  a  similar 
manner  the  spectrum  of  the  sun,  the  electric  are,  the  lime  light,  the 
incandescent  platinum  lamp,  etc.  Soon  after  Langley  brought  out  the 
bolometer,  which  was  so  admirably  adapted  to  the  measurement  of 
minute  energy  of  radiations,  a  great  mass  of  valuable  experimental 
data  was  obtained  bearing  on  the  spectral  distribution  of  the  energy 
of  the  radiation  emitted  by  various  bodies.  Among  the  most  impor- 
tant of  these  contributions  must  be  mentioned  the  painstaking  series 
of  researches  of  Paschen,  who  examined  the  distribution  of  energy  in 
the  emission  and  absorption  spectra  of  various  substances. 

Among  the  experimental  facts  established  by  these  researches  were, 
that  by  far  the  largest  portion  of  the  energy  in  the  spectrum  was  found 
in  the  infra-red  region,  that  the  position  of  the  wave  length  having  the 
maximum  energy  depended  on  the  temperature  of  the  body,  and  that 
as  the  temperature  was  raised  the  energy  of  all  the  waves  emitted 
increased,  but  the  shorter  waves  more  rapidly  than  the  longer,  so  that 
the  position  (wave  length)  of  maximum  energy  in  the  spectrum  shifted 
toward  shorter  wave  lengths.  These  facts  are  well  illustrated  by  the 
curves  shown  in  fig.  2  taken  from  a  paper  by  Lummer  and  Pringsheim, 
in  which  the  ordinates  are  proportional  to  the  intensity  of  radiation 
emitted  by  a  black  body,  and  the  abscissse  are  wave  lengths  (in  thou- 
sandths of  a  millimeter).  Each  curve  was  obtained  by  keeping  the 
temperature  of  the  radiating  source  constant,  and  passing  the  radiation 
through  a  fluorite  prism,  which  has  no  appreciable  selective  absorp- 
tion in  the  region  of  the  spectrum  here  studied.  The  narrow  platinum 
strip  of  a  linear  bolometer  was  then  exposed  in  different  parts  of  the 
spectrum  and  the  intensity  of  the  radiation,  corre8pK>nding  to  different 
wave  lengths,  measured  by  the  observed  deflections  of  the  galvano- 
meter. These  curves  show  that  at  temperature  723^  abs.,  the  wave 
length  having  the  maximum  energy  is  4.08;/,  and  as  the  temper- 
ature of  the  radiating  source  is  liaised  the  position  of  the  maximum 
is  steadily  shifted  toward  shorter  wave  lengths  until  at  1646°  abs. 
it  is  at  wave  length  1.78/^.  Such  curves  as  are  here  shown,  where 
the  temperature  is  constant  and  the  energy  is  measured  correspond- 
ing to  radiations  of  different  wave  lengths  emitted  by  a  body,  are 
called  energy  curves^  i.  e.,  the  relation  determined  is  J=J\^)  for  T= 
constant,  where  «/=  energy  corresponding  to  wave  length  A.  (strictly 
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the  energy  comprised  in  the  region  of  the  spectrum  between  X  and 

X+dX)  and   T  is  the  absolute  temperature  of  the  radiating  source. 

It  is  also  interesting  to  study  the  change  in  the  intensity  of  soi"" 

particular  wave  length  as  the  temperature  of  the  radiating  source 


some 
is 


r 


Fig.  2.— Energy  distribution  in  black  body  radiation. 


T 


changed,  i.  e.,  to  find  J=F{T)  for  A. = constant.  This  can  be  done 
by  exposing  the  bolometer  strip  in  a  fixed  part  of  the  spectrum  and 
observing  the  galvanometer  deflections  as  the  temperature  is  changed. 
The  curves  obtained  in  this  way  for  J=F{T)  are  called  isochrornatic 
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curves.  Both  of  these  types  of  spectral  radiation  curves  were  first 
studied  in  a  systematic  and  thorough  manner  for  a  large  number  of 
bodies  by  Paschen,  who  found  that  the  general  form  of  the  radiation 
curves  was  the  same  for  all  bodies  examined  by  him,  i.  e.,  the  mathe- 
matical relation  or  form  of  function  giving  J=F{K^  T)  that  expressed 
his  experimental  results  was  of  the  same  general  type,  although  the 
constants  in  the  equations  were  different  for  every  different  body. 
Under  these  circumstances  it  was  evidently  difficult,  if  not  impossible, 
to  arrive  at  any  general  law  that  would  give  a  relation  between 
e/.  A.,  and  T. 

wien's  laws. 

This  was  in  brief  the  experimental  state  of  our  knowledge  concern- 
ing the  spectral  radiation  of  bodies,  when  Wien  was  led  from  theoreti- 
cal considerations  to  most  important  generalizations.  Starting  with 
the  well-grounded  assumptions  that  (1)  according  to  the  electromag- 
netic theory  the  pressure  of  the  radiation  was  equal  to  the  energy  in 
unit  volume,  (2)  that  the  second  law  of  thermodynamics,  and  (3)  that 
Doppler's  principle  were  applicable,  and  by  postulating  the  existence 
of  walls  (inclosing  radiant  energy)  that  were  completely  black  and 
others  that  were  completely  reflecting  and  diffusing,  Wien**  was  led  to 
the  conclusion  that  "when  the  temperature  increases,  the  wave  length 
of  every  monochromatic  radiation  diminishes  in  such  a  way  that  the 
product  of  the  temperature  and  the  wave  length  is  a  constant,"  i.  e.. 

Hence  for  the  wave  length  of  the  maximum  energy,  A.,„, 
(I)  \^  T=  const  -:;  A 

This  is  known  as  the  "  displ^icenimt  law  "  and  is  simply  a  mathematical 
statement  of  the  fact  that  as  the  temperature  of  the  radiating  source 
is  changed  the  wave  length  having  maximum  energy  in  the  spectrum 
will  be  changed  in  such  a  way  that  the  product  of  this  wave  length 
A.^  and  the  coriesponding  absolute  temperature  of  the  source  Tis 
equal  to  a  constant,  i.  e.,  if  T  increases  \^  shifts  toward  shorter  wave 
lengths,  and  if  T  diminishes  the  shift  is  toward  longer  wave  lengths. 
Wien  then  combined  the  above  relation  with  the  Stefan-Boltzmann 
law  and  was  led  to  the  relation  that 

(U)  J,^r-'= constant  1^5 

a  Wien:  Ber.  d.  K.  Akad.  d.  Wise.,  Berlin,  p.  55;  1893.  Wied.  Ann.,  46,  p.  633; 
1893;  52,  p.  132,  1894. 
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in  which  J^^^^  indicates  the  energy  corresponding  to  the  wave  length 
A.^  having  maximum  energy  and  T  is  the  absolute  temperature  of  the 
radiating  source  (black  body). 

W.  Michelson^  has  criticized  the  application  of  theStefan-Boltzmann 
law  in  the  way  it  has  been  applied  by  Wien  to  monochromatic  radiation, 
and  takes  exception  to  the  use  of  the  term  temperature  as  applied  to 
such  radiation  existing  in  the  free  ether.  The  above  criticisms  of 
Michelson,  it  seems,  take  away  much  of  the  theoretical  support  for 
this  law  (11).  Notwithstanding  this,  however,  both  of  these  generali- 
zations of  Wien  for  the  radiation  emitted  by  a  black  body  have 
received  the  most  convincing  experimentar verification  throughout  the 
widest  ranges  of  measurable  temperatures  that  are  at  present  available 
to  the  experimentalist. 

For  the  radiation  from  other  solids  that  have  been  examined  experi- 
mentally it  has  been  found  that  the  "displacement  law" 

(la)  A.^7==const^-4i 

still  holds  true,  although  the  radiation  may  depart  far  from  that  for 
a  black  body.  In  this  case,  however,  the  value  of  the  constant  is  dif- 
ferent from  that  for  a  black  body.  Thus  for  polished  platinum  Lum« 
mer  and  Pringsheim  found  J.i=2626. 

For  the  radiation  from  other  than  a  black  body  the  law  of  maximum 
energy  applies  only  in  the  modified  form 

e^,^T~^=const. 

Thus  for  polished  platinum  Paschen  has  found  a=6.42,  while  Lum- 
mer  and  Pringsheim  find  a=6.00. 

As  an  illustration  of  the  experimental  evidence  in  support  of  these 
two  laws  of  radiation,  the  following  table  has  been  added,  taken  from 
a  paper  by  Lummer  and  Pringsheim*  on  the  radiation  from  a  black 
body. 

a  W.  Michelflon:  J.  Rus.  Phys.  Chem.  Soc.,  84  (5) ,  p.  155;  1902.    See  Day  and  Van 
Orstrand:  Astrophye.  J.,  19,  p.  1;  1904. 
^Lummer  and  Pringsheim:  Verb.  d.  Deutsch.  Phys.  Gres.,  I,  p.  218;  1899. 
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4.08 

4.28 
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,      621.2 

4.53 

2. 026 

2814 

2190 

621.3 

+0.1     ; 

1 
i 

Means 

2940 

2188.10    ". 

1 

As  will  be  seen  the  results  of  experiment  are  in  most  satisfactory 
agreement  with  these  laws,  when  one  considers  the  experimental  diflB- 
culties  that  are  involved  in  the  measurements.  In  the  value  for  B 
the  temperature  enters  to  the  fifth  power,  so  that  a  small  error  in  the 
tempemture  produces  a  very  marked  effect  on  the  value  of  B. 

The  results  of  the  above  table  are  also  shown  by  the  curves  in  fig. 
2,  which  show  very  clearl}^  the  shift  of  the  maximum  toward  the 
visible  end  of  the  spectrum  with  rise  in  temperature. 

Neither  the  displacement  law,  A.^T=  const.,  nor  the  maximum 
energy  law,  J„^  T~^=const.,  of  Wien  gives  us  any  information  as  to 
the  distribution  of  the  energy  in  the  spectrum  of  a  black  body  at  a 
given  tempemture.  As  has  already  been  stated  the  problem  was 
attacked  experimentally  by  Paschen,  who,  inasmuch  as  the  black  body 
had  not  \'et  been  experimentally  realized,  hoped  to  arrive  at  a  gener- 
alization by  measuring  the  distribution  of  the  energy  in  the  spectra  of 
a  number  of  bodies.  As  he  stated  it,  '"  Gesetzmfissigkeiten  aufzutinden 
sucht,  welche  entweder  alien  KOrpern  gemeinsamen  sind  oder  umso- 
mehr  zu  Tage  traten,  je  nfiher  der  KOrper  dem  absolut  schwarzen 
kommt." 

About  this  time  Wien^  published  the  result  of  a  further  theoretical 
investigation  on  the  spectral  distribution  of  energy  in  the  radiation  of 
a  black  body,  in  which  he  was  led  to  the  conclusion  that  the  energy 
corresponding  to  any  wave  length  was  represented  by 


(III) 


Ci 


J=c^\-^e  ^ 


a  Wien:  Wied.  Ann.,  58,  p.  662;  1896. 
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where  J  is  the  energy  corresponding  to  wave  length  A.  (region  of 
spectrum  A.  to  X+tZX),  T'is  the  absolute  temperature  of  the  radiating 
black  body,  e  is  the  base  of  the  natural  system  of  logarithms,  and  Cy^ 
and  ^2  ^1*6  constants. 

In  general  the  proof  given  by  Wien  is  based  on  thermodynamic 
reasoning,  but  it  involves  some  purely  arbitrary  assumptions  as  to  the 
radiations  sent  out  by  vibrating  gaseous  molecules,  so  that,  invaluable 
as  has  been  the  result  to  which  this  reasoning  has  led,  it  can  not  be 
claimed  that  this  spectral  distribution  law  of  Wien  has  any  strong 
theoretical  basis. 

This  formula  seemed  to  satisfy  very  well  the  experimental  data  of 
Paschen"  and  received  independent  confirmation  by  Planck,*  who 
deduced  Wien's  formula  in  an  entirely  diflFerent  way  by  theoretical 
reasoning  based*  on  the  electromagnetic  theory  of  light.  Planck,  how- 
ever, in  his  proof  was  also  compelled  to  make  somewhat  arbitrary 
assumptions  (in  his  definition  of  the  entropy  of  his  electric  reasona- 
tors)  so  that  his  conclusions  are  open  to  the  same  criticism  as  those  of 
Wien. 

The  further  experiments  of  Paschen,^  carried  out  with  black  bodies 
of  different  forms,  seemed  to  be  in  most  satisfactory  agreement  with 
this  law.  Paschen  in  summing  up  the  results  of  these  investigations 
savs: 

Wien's  law  may  accordingly  be  regarded  as  demonstrated  as  well  as  the  difficulties 
of  the  experiments  admit,  within  the  range  of  wave  lengths  from  9.2//  to  0.7//  (and 
in  the  research  carried  on  in  conjunction  with  Wanner <^  to  0.5//)  and  within  the 
range  of  temperature  from  1300°  C.  to  100°  C. 

With  the  theoretical  confirmation  of  this  law  derived  from  such 
entirely  different  points  of  view,  by  Wien  and  by  Planck,  and  with 
the  strong  experimental  support  afforded  by  the  investigations  of 
Paschen,  it  seemed  at  the  time  that  the  question  of  distribution  of 
energy  in  the  spectrum  of  a  black  body  (the  so-called  Kirchoff  func- 
tion) was  fairly  solved. 

Subsequent  experimental  work,  however,  has  shown  that  Wien's 

« Paschen:  Wied.  Ann.,  58,  p.  455;  1896. 

^Planck:  Ber.  d.  Akad.  d.  Wiss.,  Berlin,  I,  p.  440;  1899;  pp.  57,  715, 1122;  1897;  i>. 
449;  1898.     Ann.  d.  Phys.,  I,  pp.  69,  719;  1900. 

<^ Paschen:  Ber.  d.  K.  Akad.  d.  Wise.,  Berlin,  pp.  405,  959;  1899.  Astrophys.  J., 
10,  p.  40;  1899;    11,  p.  288;  1900. 

^^  Paschen  u.  Wanner:  Ber.  d.  K.  Akad.  d.Wiss.,  Berlin,  108,  p.  5, 1899.  Wanner: 
Ann.  d.  Phys.,  2,  p.  141;  1900. 
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distribution  law  does  not  hold  for  long-wave  lengths.    Thus,  Lummer 
and  Pringsheim"  found  for  the  so-called  constant  c^  the  following: 


X 

\,2\u 

4.66// 

8.3// 
18500 

12.3// 

17.9// 

Ct 

13510 

16510 

24800 

31700 

Beckmann,*  using  the  long- wave  lengths,  24/^,  obtained  by  multiple 
reflections  from  fluorite,  after  the  experiments  of  Rubens  and  Nichols/ 
found  for  <?,  24250  (or  26000,  as  corrected  by  Rubens *0-  The  experi- 
ments of  Rubens  and  Kurlbaum*  and  of  Paschen-^  confirm  these  results. 

Rayleigh^  has  also  criticised  the  Wien  formula  on  the  ground  that 
the  function  has  a  maximum,  which  leads  to  the  improbable  result  that 
the  energy  corresponding  to  a  definite  wave  length  would  not  go  on 
increasing  with  rise  in  temperature  beyond  a  certain  point. 

A  number  of  other  formulce  were  proposed  which  represented 
empirically  the  results  of  experiments  for  certain  regions  of  the  spec- 
trum and  for  certain  temperature  ranges  somewhat  better  than  the 
Wien  formula.  Among  these  formulae  may  be  mentioned  those  of 
Thiesen,*  Lummer  and  Jahnke,*  and  others. 

Planck's  law. 

Planck-^  in  a  further  theoretical  consideration  of  the  distribution 
of  energy  in  the  radiation  of  a  black  body  has  modified  his  assump- 
tions and  has  been  led  to  the  following  relation: 


a  Lummer:  Rap.  d.  Cong.  Int.,  Paris,  2;  1900.  Lummer  and  Pringsheim:  Verb, 
d.  Deutsch.  Phys.  Ges.,  2,  p.  163;  1900.     ZS.  f.  Instrk.,  20,  p.  149;  1900. 

'^Beckmann:  Inaug.  Dissert.,  Tubingen,  1898. 

<^ Rubens  and  Nichols:  Wied.  Ann.,  60,  p.  418;  1897;  Phys.  Rev.,  4,  p.  314;  5,  pp. 
98,  152;  1897. 

rfRubens:  Wied.  Ann.,  69,  p.  576;  1899. 

« Rubens  and  Kurlbaum:  Ber.  d.  K.  Akad.  d.  Wiss.,  Berlin,  p.  929;  1900.  Ann. 
d.  Phys.,  4,  p.  649,  1901. 

/Paschen:  Verb.  d.  Deutsch.  Phys.  Ges.,  2,  p.  202;  1900.  Ann.  d.  Phys.  4,  p. 
277;  1901. 

i/Rayleigh:  Phil.  Mag.,  49,  p.  539;  1900. 

AThiesen:  Verb.  d.  Deutsch.  Phys.  Ges.,  2,  p.  65;  1900. 

*  Lummer  and  Jahnke:  Ann.  d.  Phys.,  8,  p.  283;  1900. 

i  Planck:  Verb.  d.  Deutsch.  Phys.  Ges.,  2,  p.  202;  1900;  Ber.  d.  k.  Akad.  d.  Wise., 
Berlin,  p.  544;  1901. 
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An  illustration  of  the  remarkable  manner  in  which  this  equation 
satisfies  the  results  of  experiments  throughout  the  largest  range  of 
measurable  temperatures  and  wave  lengths  is  given  by  the  following 
table  taken  from  the  experiments  of  Rubens  and  Kurlbaum.**  This 
table  shows  the  results  of  the  measurements  of  the  energy  of  radia- 
tion of  wave  length  61.2  /i,  obtained  by  multiple  reflection  (Rest- 
strahlen)  from  rock  salt  surfaces,  and  the  comparison  of  the  several 
radiation  formulae  with  these  measurements. 

Reststrahlen  from  rock  mltj  A =51. 2//. 


Temper- 
ature in 

t 


-  273 

-  188 

-  80 
-f  20 
4-  250 
+  500 
-i-  750 
-flOOO 
-fl250 
-fl500 
-f  « 


Abso- 
lute tern- 

E 

• 

E 

E 

E 

pera- 
ture. 

obe. 

Wien. 

Thiesen. 

Rayleigh. 

T 

0 

-}21.5 

44 

-  20 

85 

20.6 

-107. 5 

40 

-  19 

193 

-  11.8 

48.0 

21.5 

-  11.5 

293 

0 

0 

0 

0 

523 

+  31.0 

+  63.5 

4-  40.5 

+  28.5 

773 

+  64.5 

-f  96 

+  77 

+  62.5 

1023 

+  98.1 

4-118 

4-106 

+  97 

1273 

4-132.0 

4-132 

+132 

+132 

1523 

-fl64.5 

4-141 

+154 

+167 

1773 

+196.8 

-M47. 5 

+175 

+202 

00 

— 

4-194 

+    X 

+    CO 

E 

Lumner 

and 
Jahnke. 


-  27 

-  24.5 

-  13.5 

0 
+  31 
+  65.5 
+  99 
+132 
+165.5 
+198 

+    00 


E 
Planck. 


-  23.8 

-  21.9 

-  12.0 

0 
+  30.4 
+  63.8 
+  97.2 
+132 
+166 
+200 

+    00 


The  experiments  with  the  "  Reststrahlen  "  from  fluorite  (A.=24.0/^ 
and  31.6/i)  are  in  equally  good  agreement  with  the  Planck  equa- 
tion. It  is  interesting  to  note  that  for  short  wave  lengths  Planck's 
equation  practically  reduces  to  Wien's,  and  for  long  wave  lengths  to 
Rayleigh's  equation.  Wien's  equation  gives  c^=5X^T  and  Planck's 
c?,= 4. 965X^71  The  difference  between  Wien's  and  Planck's  equa- 
tions, for  such  temperatures  and  wave  lengths  whose  product  XT 
does  not  exceed  3000,  is  within  1  per  cent.  So  that  if  we  make  use 
of  a  wave  length  A.=0.66/i  in  an  optical  pyrometer,  the  results  would 
be  expressed  by  Wien's  equation  with  every  required  degree  of  accu- 
racy for  the  highest  attainable  temperatures  (4000^  C.  or  more),  and 
even  for  the  longer  waves  in  the  infra  red,  including  by  far  the  largest 


oRubens  and  Kurlbaum:  Ber.  d.  k.  Akad.  d.  Wise.,  Berlin,  p.  929;  1900;  Ann.  d. 
Phys.,  4,  p.  649;  1901. 
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part  of  the  energy  of  total  radiation,  this  equation  (Wien's)  represents 
the  results  of  experiment  with  a  very  fair  degree  of  approximation. 
The  remarkable  agreement  of  the  Planck  equation  with  the  results 
of  experiment  throughout  the  extreme  ranges  in  which  it  has  been 
tested  at  least  justifies  the  hope  that  it  is  something  more  than  a  purely 
empirical  relation,  which  may  some  day  earn  the  title  of  a  '*law"  of 
nature. 

III.  Methods  of  Optical  Pyeometry. 

The  subject  of  Optical  Pyrometry  might  perhaps  be  more  generally 
classed  under  the  heads  of  pyrometry  at  a  distance^  or  radiation pyrotn- 
etry^  so  as  to  include  all  methods  in  which  the  pyrometer  is  separated 
from  the  body  whose  temperature  is  to  be  measured;  but  we  shall  in 
general  use  the  single  expression,  Optical  Pyrometry,  in  what  follows. 

There  are  numerous  methods  which  suggest  themselves  as  forming 
a  feasible  basis  for  a  system  of  optical  pyrometry,  and  the  fact  that 
certain  only  of  the  many  possible  ways  of  measuring  temperature 
from  a  distance  have  been  chosen  results  naturally  from  a  process  of 
elimination  either  before  or  after  their  attempted  application;  and 
again,  the  fact  that  there  is  more  than  one  type  of  optical  pyrometer 
in  general  use  is  evidence  of  the  adaptability  of  special  forms  to  par- 
ticular needs. 

I.    COLOR  ESTIMATION. 

The  most  widely  used  method  for  the  estimation  of  high  tempera- 
tures is  still,  unfortunately,  by  means  of  the  unaided  eye,  which  was 
naturally  the  first  one  to  be  employed. 

The  earliest  attempt  at  gauging  temperatures  of  incandescent  bodies 
was  made  by  Pouillet  in  1836,"  who  suggested  his  color  scale,  giving  a 
name  to  represent  each  hundred-degree  interval  from  dull  red,  600^- 
700  C,  to  dazzling  white,  1600-1700^0.,  as  estimated  by  the  unaided 
eye.  This  scale  is  still  quoted  as  authoritative  in  text-books  and  tables 
of  constants  to-day,  which  is  a  deplorable  fact,  as  the  estimation  of 
color  change  with  temperature  is  largely  a  personal  matter,  and,  more 
than  that,  varies  for  the  same  person  with  the  exterior  lighting;  and 
although  Pouillet's  scale  was  undoubtedly  the  best  to  be  had  in  1836 
and  for  many  years  after,  yet  it  is  at  least  100^  C.  out  over  almost 
its  whole  range,  as  inteipreted  by  H.  M.  Howe  and  others,  as  is  shown 
b}"  the  following  table*  in  which  the  values  of  Howe  and  of  White 
and  Taylor  were  obtained  quite  independently.     The  column  Aj  gives 

« Pouillet:  C.  R.,  3,  p.  784;  1836. 

&  Howe:  Eng.  AMin.  J.,  69,  p.  75;  1900.     White  and  Taylor:  ibid.,  Dec.  23;  1899. 
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Pouillet's  values  less  White  and  Taylor's  in  degrees  Fahrenheit,  and 
column  A,  the  difference  between  Howe's  and  White  and  Taylor's 
estimations. 


White  and 
Taylor. 


Dark  red,  blood 
red,  low  red. 

Dark  cherry  red. 

Cherry,  full  red. 

Light  red,  light 
cherry. 

Orange  

Light  orange . . . 

Yellow 


Light  yellow  . . , 
White , 


c. 

F. 

666 

1050 

635 

1176 

746 

1376 

843 

1650 

899 

1660 

941 

1725 

996 

1825 

1079 

1975 

1205 

2200 

Pouillet. 


Lowest  red.., 


Dark  red , 


Lowest  cherry. 

Cherry 

Bright  cherry . 

Dark  orange  . . 
Bright  orange. 


C. 


525 


700 

800 

900 

1000 

1100 
1200 


F. 


White 1300 

Very  bright  j  1400 
white.  I 

,fl500 
Dazzling  white, 


977 


1292 

1472 
1652 
1882 

2012 
2192 


Ai 


+242 

+297 

+277 
+282 

+362 
+467 


2372  j+172 
2552    


2732  \] 
to    I     to 
1600  !  '2912 


Howe. 


F. 


Lowest  red  vis- 
ible in  dark  . 

Lowest  red  vis- 
ible in  day- 
light. 

Dull  red 


Full  cherry... 
Light  red 


470 
475 


550 
to 
625 
700 
850 


Full  yellow.., 

Light  yellow.. 
White 


950 

to 

1000 

1050 

1150 


878 
887 


1022 
to 
1157 
1292 
1562 


1742 
to 
1832 
1922 
2108 


A* 


1-90 
1<P. 


-28 
to 
-18 
-83 
+12 


-83 
to 

+  7 
-53 
-98 


It  is  evident  that  skilled  observers  may  disagree  b}^  50^  C.  (90^  F.) 
or  more  in  the  estimation  of  relatively  low  temperatures  by  color,  and 
that  beyond  1200^  C.  (2200^  F.)  it  is  practically  impossible  to  make 
eye  estimations  with  any  certainty  whatever. 

Cobalt  glasses  have  sometimes  been  used  to  aid  the  eye  to  exagger- 
ate the  changes  in  hue  but  this  method  is  not  reliable  and  varies  with 
the  observer  and  glass  used.  Similarly,  matching  the  hues  against 
pigments  or  colored  yarns,  as  has  been  tried,  gives  hardly  better 
results.  A  polarizing  apparatus  utilizing  approximately  a  single  hue 
was  devised  by  Mesurd  and  Nouel,  which  will  be  described  later. 

II.    PHOTOMETRIC    METHODS. 

Becquerel,^  in  1862,  was  probably  the  first  to  attempt  the  meas- 
urement of  high  temperatures  by  optical  means.  Studying  the  irradi- 
ation of  incandescent  bodies,  he  suggested  the  possibility  of  estimating 

oBecquerel:  C.  R.,  66,  p.  821-S29;  1862.  Ann.  de  Chem.  etde  Phys.,  (3)  68,  p. 
4d-143;  1863. 
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their  temperatures  by  means  of  photometric  measurements,  of  the 
intensity  of  the  red  radiation,  although  he  did  not  develop  an  instrument 
suitable  for  that  purpose  and  many  of  his  observations  on  the  bright- 
ness of  bodies  were  incorrect  and  some  of  his  conclusions  in  contradic- 
tion with  KirchoflTs  law. 

The  principle  suggested  by  Becquerel  gave  rise  to  the  first  practica- 
ble optical  pyrometer,  and  to-day  m  the  various  modified  forms  still 
furnishes  our  most  trustworthy  and  convenient  method. 

In  practice  a  standard  of  intensity  is  chosen,  and  the  brightness  of 
the  photometric  field  illuminated  by  the  red  light  emitted  by  the  body 
under  observation  is  varied  until  it  is  equal  in  intensity  to  that  of  the 
standard  either  by  use  of  an  iris  diaphragm  (Le  Chatelier),  an  absorb- 
ing wedge  (F^ry),  or  by  a  polarizing  device  (Wanner),  or  the  stand- 
ard light  ma}^  itself  be  varied  according  to  some  known  or  empirical 
relation  (Holborn-Kurlbaum,  Morse). 

For  monochromatic  black-bodv  radiation,  and  for  the  wave  lengths 
of  the  visible  spectinim,  Wien's  law 

is  directly  applicable  to  this  type  of  pyrometer. 
The  above  formula  may  be  written 

1 


i  where  A^  =  log  c^  —  b  log  A.  and 
K=c  ^S^' 


\ 


which  is  a  linear  relation  between  log  J  and    y,,  so  that  it  requires 

measurements  of  the  intensity  at  two  known  temperatures  only  to 
calibmte  an  instrument. 

If  the  radiation  is  not  black-body  radiation,  the  same  formula  holds 
for  calibration  and  use,  but  with  ditferent  values  of  the  constants  K^ 
and  K^. 

Assuming  Wien's  law  to  hold,  instruments  calibrated  in  terms  of  it 
may  be  used  to  estimate  temperatures  indefinitely  high. 

The  pyrometers  of  Holborn-Kurlbaum  and  of  Morse  are  based  upon 
an  empirical  relation  between  the  brightness  of  a  filament  and  the  elec- 
tric current  traversing  it  when  the  filament  is  of  the  same  brightness 
as  the  incandescent  body  under  observation.  Their  calibration,  there- 
fore, is  not  so  simple  as  in  the  preceding  case,  as  none  of  the  radiation 
laws  apply. 
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in.    RATIO  OF  INTENSITIES  OF  TWO  WAVE  LENGTHS. 

Crova,  in  1878,^  devised  a  method  based  on  the  relative  variation  in 
intensity  of  two  diflFerent  monochromatic  radiations,  red  and  erreen; 
but  as  VioUe  has  shown,  the  ratio  of  intensities  of  A. =.656  /^  (red) 
and  A.=.482  /^  (blue)  varies  only  in  the  ratio  1  to  4.5  over  a  tempera- 
ture interval  of  700^  C. ,  and  again  the  lower  limit  of  temperature 
measurement  is  given  by  the  green  (about  1200^  C.)  rather  than  by  the 
red,  so  that  Crova  can  not  be  said  to  have  made  use  of  a  practicable 
principle,  although  he  actually  used  his  spectrophotometer  in  indus- 
trial works. 

IV.  UPPER  LIMIT  OF  THE   SPECTRUM. 

Another  method  of  hardly  greater  precision  than  the  last  but  suscep- 
tible of  being  used  at  much  lower  temperatures  was  also  suggested  by 
Crova  (loc.  cit.);  namely,  using  the  upper  limit  of  the  spectrum  of  an 
incandescent  body  as  a  measure  of  its  temperature.  Hempel*  has 
recently  tried  this  method  with  a  special  form  of  spectroscope  and  using 
a  luminescent  screen  for  observing  when  the  upper  spectrum  limit  is 
beyond  the  visible  radiations,  but  compared  with  other  photometric  and 
radiation  pyrometers,  only  crude  results  can  be  obtained. 

V.  MAXIMUM   ENERGY   IN   SPECTRUM. 

(a)  Displdcement  ofX^j^^  Wien^s  Law  I. — Use  might  also  be  made  of 
the  displacement  law, 

X„Pl  =  const, 
for  the  determination  of  temperatures,  the  constant  varying  from  2930 
for  a  black  body  to  2620  for  polished  platinum;  some  form  of  bolometer 
or  thermopile  could  be  used  in  connection  with  a  dispersion  apparatus 
to  locate  the  position  of  A.^  in  the  spectrum. 

For  substances  whose  radiation  is  intermediate  between  that  of  a 
black  body  and  polished  platinum  the  temperature  determined  by  this 
relation  will  be  between  the  values 

2930         ^     2620 
-1 —     and     1 — 


«Crova:  Journal  de  Phys.,  7,  p.  357;  1878;  9,  p.  196;  1879.     Ann.  de  Chem  et  de 
Phys.,  (5)  19,  p.  472;  1880. 
^Hempel:  Angewandte  Chem.,  14,  p.  237;  1901. 
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As  an  illustration  of  this  range  of  limiting  temperatures,  the  results 
of  measurements  due  to  Lummer  and  Pringsheim^  may  be  cited: 


^n 

^max 

^min 

Arc  lieht 

0.1  U 

4200°  ab8. 

2450 

2450 

2100 

1960 

1900 

3750°  abs. 

2200 

2200 

1875 

1750 

1700 

Nemst  lamp 

1.2 
1.2 
1.4 
1.5 
1.55 

Welsbach  mantle 

Incandescent  lamp 

Candle 

Argand  burner 

1 

The  displacement  law  is  among  the  best  established  of  the  radiation 
laws,  both  from  the  theoretical  and  experimental  side,  so  that  this 
method  is  of  considerable  theoretical  interest,  yet  it  is  not  capable  of 
a  high  degree  of  precision  on  account  of  the  diflSculty  of  locating  A.^, 
due  to  the  flattened  form  of  the  energ}-  curve  and  the  effect  of  atmos- 
pheric absoi'ption. 

(J)  Magnitude  of  vmximinn  energif^  Wieii^s  Laxo  IL — The  application 
of  the  maximum  energy  law 


max 


requires  the  same  elaborate  installation  as  the  preceding  method,  and 
no  pyrometer  has  been  constructed  utilizing  either  of  these  two  laws. 

VI.    TOTAL   RADIATION. 

Another  method  available  for  the  determination  of  temperatures  is 
the  measurement  of  the  energy  of  total  radiation,  visible  and  invisible, 
emitted  by  a  bodv.  It  is  evident  in  this  case  that,  with  a  suitable 
recording  device,  the  temperature  of  bodies  could  be  determined  even 
before  they  glow,  and  indeed  theoretically  the  method  might  be  applied 
throughout  the  whole  temperature  range,  in  which  the  sensibility 
would  be  least  at  temperatures  near  that  of  the  instrument. 

Many  instruments  have  been  constructed  for  the  measurement  of 
the   energy  of   total   radiation,  such   as   the  bolometer  of  Langley, 
Crooke's  radiometer  as  modified  by  Rubens  and  Nichols,  the  actinom- 
eters  of  Pouillet  and  Violle,  the  thermopile,  and  the  radiomicrom 
eter  as  developed  by  Boys. 

The  use  of  these  instruments  in  general  involves  elaborate  and 
special  installations,  and  they  have  found  only  limited  application  in 


oLimimerand  Pringsheim:  Verb.  d.  Deutscb.  Pbys.  Ges.,  4,  p.  36;  1901. 
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the  laboratory  for  the  measurement  of  temperature.  F6ry^  has 
recently  brought  out  a  convenient  instrument  called  a  thermoelectric 
telescope,  based  on  the  energy  of  total  radiation,  which  is  measured  by 
the  rise  in  temperature  produced  at  one  junction  of  a  very  sensitive 
thermocouple  joined  to  a  direct-reading  galvanometer. 

If  the  radiation  is  that  emitted  by  a  black  body,  the  calibration 
of  these  instruments  may  be  based  on  the  Stefan-Boltzmann  law 

and  they  may  then  be  used  to  measure  the  temperature  of  black  bodies, 
and  by  extrapolation  temperatures  may  be  estimated  far  beyond  the 
upper  limit  attainable  with  thermocouples.  For  bodies  departing 
from  the  black-body  conditions  the  measurements  may  be  expressed 
either  in  black-bod}'^  temperatures  or  the  calibration  must  be  carried 
out  empirically  for  every  different  radiating  body  observed. 

VII.    INTERFERENCE   METHOD. 

D.  Berthelot,*  making  use  of  the  law  of  variation  of  index  of  refrac- 
tion of  gases  with  density  on  the  one  hand  and  with  temperature  on  the 
other,  has  devised  an  interferential  gas  thermometer  at  constant  pres- 
sure which  is  independent  of  the  containing  envelope,^  and  although 
he  has  obtained  results  in  admirable  agreement  with  the  ordinary  gas 
scale  his  method  of  measurement  requires  a  very  elaborate  installation 
whose  description  can  only  be  most  briefly  given  here. 


Fig.  3.— Berthelot  interference  method. 


«Fery:  C.  R.,  134,  p.  977;  1902. 

6D.  Berthelot:  C.  R.,  120,  p.  831;  1895.  Ann.  de  Chem.  et  tie  Phys.,  (7)  20,  p. 
58;  1902. 

<^ Provided  the  envelope  does  not  give  off  gases  or  vapors  that  may  influence  the 
results. 
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Light  from  a  source  S  is  divided  into  two  beams  by  a  thick  plate  Pj. 
One  beam  is  passed  through  a  tube  t^  at  constant  temperature,  in  which 
the  pressure  may  be  varied;  the  other  passes  through  the  tube  ^,,  which 
is  heated  electrically.  The  two  beams  are  reunited  at  the  plate  P^  and 
give  a  series  of  interference  bands  in  the  eye-piece.  The  manipulation 
consists  in  diminishing  the  pressure  in  t^  as  the  temperature  rises  in  ^,, 
so  as  to  always  keep  the  fringes  stationary.  Then  from  the  relation 
connecting  the  temperature  of  a  gas  with  its  pressure,  density,  and 
index  of  refraction,  proved  to  hold  throughout  a  considerable  range 
and  assumed  to  hold  for  higher  temperatures,  it  can  be  shown  that  the 
temperature  of  the  gas  in  the  hot  tube  is  defined  in  terms  of  the  equiva- 
lent lengths  of  the  two  tubes  and  the  temperature  and  pressure  of  the 
gas  in  the  cold  tube. 

This  method  is  evidently  an  independent  system  of  gas  thermometry, 
and  while  not  in  the  strict  sense  of  the  word  a  method  of  optical  pyrom- 
etry,  it  may  eventually  be  of  service  in  the  extension  of  the  gas  scale 
to  higher  temperatures  than  can  be  obtained  by  the  ordinary  forms  of 
gas  thermometer,  and  so  serve  as  an  independent  check  on  the  radia- 
tion laws  at  these  high  temperatures. 

4.  Description  of  Instruments  and  Investigation  of  their  Cali- 
bration, Range,  Sources  of  Error,  and  Precision. 

le  chatelier  optical  pyrometer.** 

The  introduction  of  a  serviceable  and  simple  optical  pyrometer  was 
reserved  to  Le  Chatelier  in  1892,  after  he  had  perfected  the  thermo- 
electric pyrometer.  Realizing  the  limitations  of  the  latter  for  very 
high  temperatures  and  for  Inaccessible  bodies,  he  devised  his  optical 
pyrometer,  which  is  a  modification  of  Cornu's  microphotometer,  an 
instrument  for  the  determination  of  the  brightness  of  flames.  Le 
Chatelier  recognized  that  he  could  adjust  to  equality  the  two  photo- 
metric fields  from  the  standard  lamp  and  the  incandescent  body 
respectively,  either  by  cutting  down  the  objective  aperture,  or  inter- 
posing absorbing  screens,  or  by  using  a  polarizing  device.  He  dis- 
carded the  last  on  account  of  the  resulting  loss  in  light  and  the  conse- 
quent inability  to  read  relatively  low  temperatures,  and  also  because 
the  light  from  incandescent  bodies  being  partially  polarized  would 
introduce  complications,  and  he  therefore  adopted  a  cat's-eye  dia- 
phragm before  the  objective. 

«Le  Chatelier:  C.  R.,  114,  pp.  214,  470;  1892.  J.  de  Phys.,  (3)  1,  p.  186;  1892. 
High  Temperature  Measurements  (Wiley  &  Sons).  This  instrument  is  made  by  M. 
Pellin,  21,  Rue  de  POd^on,  Paris. 
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Light  from  the  central  portion  of  the  flame  of  a  small  gasoline  lamp 
Z,  after  passing  through  the  lens  X[,  is  reflected  from  the  45°  mirror 
M  through  a  small  stop  and  is  brought  to  a  focus  in  the  focal  plane  of 
the  eyepiece,  where  it  is  obser^'ed  through  a  red  glass.  This  gives  a 
red  comparison  field  of  constant  intensity.  The  lamp  L  is  mounted 
eccentrically  and  may  he  turned  so  that  the  image  of  the  flame  is 
exactly  bisected  by  the  edge  of  the  mirror  M.  Light  from  the  incan- 
descent source  under  observation  is  focused  by  the  objective  and, 
passing  by  the  edge  of  the  45'^  mirror,  forms  a  red  field  immediately 
beside  and  touching  the  first. 

IL1j^...»,.,„.^     ^tx 


Y\a.  I.—Le  Cbaleller  optical  pyrometeT— aectloD. 

A  measurement  of  temperature  is  made  photometrically  by  bring- 
ing the  two  red  fields  to  the  same  brightness.  This  is  effected  by 
opening  or  closing  the  iris  diaphn^m  D  before  the  objective,  thus  let- 
ting in  more  or  less  light  from  the  body  whose  temperature  is  sought. 
For  very  high  temperatures  one  or  more  absorbing  glasses  whose  coeffi- 
cient of  absorption  is  known  are  placed  before  the  diaphragm  open- 
ing, and  for  relatively  low  temperatures  before  the  compaiison  lamp. 
The  opening  of  the  iris  diaphragm  is  read  on  an  attached  scale,  the 
square  of  whose  readings  is  a  measure  of  the  intensity  of  the  light 
from  the  incandescent  body. 


i 
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If  ^is  the  coefficient  of  absorption  of  the  glass  before  the  objective, 
n'  the  scale  reading  of  the  iris  diaphragm  when  the  pyrometer  is 
sighted  upon  a  primary  standard  of  light,  as  the  am^'l-acetate  lamp— a 
measurement  which  may  be  made  once  for  all — and  f*  the  distance 
from  objective  to  image,  read  off  the  graduated  draw  tube,  and  if  n 
and  y* are  the  corresponding  quantities  when  viewing  the  body  whose 
temperature  is  sought,  then  the  intensity  of  light  from  this  body  in 
terms  of  the  amyl-acetate  flame,  taken  as  unity,  is  given  by  the 
expression 

■'<£)■  (:9'  G-)' 

where  p  absorbing  glasses  are  used." 

When  absorbing  glasses  are  placed  before  the  gasoline  lamp  this 
formula  becomes 


-CO"  GO"  ''■ 


which  applies  to  tempemtures  below  about  1000^  C. 

When  the  pyrometer  is  always  used  with  the  same  arrangement  of 
glasses,  and  at  the  same  distance  from  tlie  source  observed,  the  expres- 
sion for  J  reduces  to 


</==  const 


-  (?.) 


Calibration. — It  is  now  necessary  to  translate  the  intensity  J  into 
temperature.  In  this  operation  consists  the  calibmtion  of  the  pyrome- 
ter. At  the  time  Le  Chatelier  brought  out  his  instrument  in  1892,  the 
laws  of  monochromatic  radiation  were  not  known,  so  he  expressed  this 
calibration  by  an  empirical  relation  of  the  form 

h 

j=io«  r  ^ 

where  a  and  h  are  constants,  whose  values  depend  upon  the  unit  of 
intensity  chosen,  and  T  is  the  absolute  temperature. 

«The  absorption  factor  \i--\  is  somewhat  too  large,  but  owing  to  the  great  varia- 
tion of  Hght  in  the  temperature,  this  expression  is  sufficiently  accurate  for  all  ordinary 
ranges  of  temperature. 
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Ab  shown  on  page  210,  the  calibration  of  such  a  pyrometer  may  be 
made  in  terms  of  Wien's  equation  (111), 

so  that  if  the  temperature  in  known  for  only  two  intensities  the  instru- 
ment is  completely  calibrated  for  all  temperatures,  since  the  relation 


Fic.  fi.— Le  Chi 


between  It^  /  and  y.  is  linear,  which  may  be  plotted  graphically  and 
and  then  a  table  may  readily  be  constructed  giving  T  in  terms  of  ./or 
scale  readings.  Such  a  table  will  serve  indefinitely  for  the  use  of  the 
instrument.  Calibration  by  using  Le  Chatclier's  empirical  formula  is 
more  tedious  and  complicated. 
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The  accompanying  table  shows  the  results  of  our  calibration  of  a 
pyrometer  by  both  methods: 


Observed 
temperature 

(absolute). 

975° 

995 
1147 
1154 
1191 
1211 
1278 
1296 
1398 
1459 
1587 

Temperature 

calculated  by 

Le  Chatelier  8 

equation. 

975° 

994 
1147 
1148 
1190 
1214 
1276 
1290 
1400 
1464 
1602 

(Le  Chatelier) 

Temperature 

calculated  by 

Wien*8  equation. 

(Wien) 

0° 

4-  1 

0 

4    6 

-t-  1 

3 

^  2 

+  6 

.      -  2 

-  5 

15 

982° 
1001 
1150 
1150 
1189 
1213 
1274 
1287 
1396 
1460 
1597 

-  7° 

-  6 

-  3 

4-  4 
4-  2 
2 
4-  4 
4-  9 
4-  2 

-  1 
-10 

The  central  portion  of  the  flame  of  a  Hefner  standard  was  used  as 
the  unit  of  intensity.     The  data  satisfy  the  following  equations:" 


log.  .7=6. 61)7- 9983  y,  (Wien's  Eq.) 

(Le  Chatelier's  Eq.) 


3660 


The  calibration  was  carried  out  by  sighting  the  pyrometer  upon  the 
the  bottom  of  a  small  tire-clay  crucible  placed  at  the  center  of  a  nickel 
wound  electric  furnace  60  cm  long  and  2  cm  opening.  Temperatures 
were  measured  by  two  thermocouples  with  junctions  in  contact  with  the 
crucible. 

The  effective  wave  length  of  the  red  light  transmitted  by  the  glass 
used  before  the  eye  piece  was  determined  as  0.64/^.  As  shown  on 
page  210,  the  value  of  c^  in  the  Wien  equation  is  given  by 

Ji;;=^«l^i^=9983 
.-.^2= 14700. 

This  would  indicate  that  the  radiation  from  the  interior  of  the  electric 
furnace  used  in  this  work  is  a  close  approximation  to  black  body  radia- 


«In  the  computation  of  the  constants  of  the  equations  the  observations  foond  in 
the  table  have  not  aU  equal  weights. 
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tion,  the  constant  c^  for  which  is  about  14500.  Covering  with  iron 
oxide  the  radiating  fire-clay  surface  found  at  the  center  of  the  furnace 
produced  no  veiy  appreciable  increase  in  the  "  blackness"  of  the  radia- 
tion (not  greater  than  5°  or  10°). 

Sources  of  error. — The  sources  of  error  of  this  instrument  may  be 
those  due  to  the  Hefner  amyl-acetate  standard,  the  oil  comparison 
lamp,  the  focusing  system,  the  red  glass  before  the  eye  piece,  and  the 
absorption  glasses  used.  The  first  of  these  affects  only  comparative 
results  with  different  instruments,  while  the  othera,  if  they  exist,  may 
be  of  considerable  importance  in  work  with  a  single  instrument.  We 
shall  consider  them  in  the  order  named. 

As  only  the  central  portion  of  the  amyl-acetate  flame  is  used,  varia- 
tions in  height  and  fluctuations  in  total  intensity,  due  to  various  causes, 
such  as  moisture  and  carbonic  acid  in  the  atmosphere  and  changes  due 
to  differing  samples  of  acetate,  becomealmost,  if  not  quite,  hisignificant, 
so  that  when  using  only  a  small  central  area  of  the  amyl-acetate  flame,  it 
is  a  very  reproducible  standard  under  the  most  varying  conditions  of 
burning.  Again  the  effects  of  any  slight  fluctuations  in  light  intensity 
are  further  greatly  reduced  when  transformed  into  temperature 
changes,  as  has  been  shown,  page  192.  Thus,  a  variation  of  one  mm 
in  the  height  of  the  Hefner  flame,  which  produces  a  variation  of  10 
per  cent  in  the  total  intensity,  causes  a  change  of  less  than  1  per 
cent  in  the  intensity  of  light  from  the  central  area,  which  is  equivalent 
to  less  than  1°  C.  change  in  temperature. 

When  used  at  intervals,  the  Hefner  serves  well  enough  as  an  ulti- 
mate standard  by  means  of  which  the  indications  of  all  photometer- 
pyrometers  may  be  reduced  to  a  common  basis,  yet  it  is  not  suited  for 
continuous  use  as  a  working  standard,  for  various  reasons,  an  impor- 
tant one  being  that  with  continued  burning  there  is  considerable  char- 
ring and  an  accumulation  of  a  troublesome  deposit  about  the  top  of 
the  burner. 

The  comparison  lamp  used  in  the  pyrometer  is  a  small  round-wick 
lamp  (fig.  5)  of  special  construction,  burning  gasoline  preferably,  and 
having  an  auxiliary  feed-wick,  which  maintains  the  constancy  of 
burning.  This  lamp  is  cleaner  than  the  Hefner,  burning  for  three 
hours  without  charring  or  appreciable  accumulation  about  the  burner 
top.  It  also  burns  more  steadily,  has  a  more  uniform  brightness 
over  the  flame  surface,  and  remains  of  constant  brightness  for  consid- 
erable variations  in  the  nature  of  the  oil  burned. 

The  other  factors  which  may  change  the  brightness  of  this  flame 
which  we  have  studied  are  the  effects  of  time  of  burning,  height  of 

6834— No.  2—05 7 
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flame,  resetting  flame  by  different  observers,  kind  of  oil  and  depth  of 
oil  in  lamp. 

In  order  to  obtain  a  perfectly  constant  source  of  light  with  which 
to  compare  the  oil  flame,  a  32  c.  p.  incandescent  electric  lamp  wa^ 
placed  in  a  fixed  position  before  the  objective  of  the  pyrometer  and 
a  glass  diffusing  screen  inserted  before  the  objective.  The  voltage 
across  the  lamp  terminals  was  kept  rigorously  constant,  thus  giving 
an  arbitrary  but  invariable  standard  of  illumination. 

To  control  accurate!}'  the  flame  height  in  the  gasoline  lamp,  a  sight 
was  inserted  consisting  of  a  horizontal  scratch  2  millimeters  above 
the  window  before  the  flame  and  a  very  fine  platinum  wire  in  the  same 
horizontal  plane  but  in  a  collar  behind  the  flame.  With  this  improve- 
ment an  observer  can  set  and  control  the  flame  height  to  0.2  mm 
The  effect  of  varying  the  flame  height  is  shown  in  the  following  table: 


Flame  height. 


1  mm  high 


Normal 


1  mm  low 


Cats-eye 
reading. 


27.2 


26.6 


25.9 


A  in /in 
per  cent. 


Ain  r 


0.6 


0.7 


4,6 


5.2 


2. 5°  C. 


2. 9°  C. 


This  shows  that  for  most  purposes  changes  of  over  2  mm  may  occur 
in  the  flame  height  with  unimportant  changes  resulting  in  the  tem- 
perature estimation. 

The  concordance  of  results  obtained  by  different  observers  setting 
the  flame  and  observing  is  shown  below: 


Observer. 


Cat's-eye  reading 


No.  1 

26.9 
26.5 


No.  2. 


I 


26.6 
26.3 


No.  3. 


26.  0 


Here  the  greatest  variation  corresponds  to  less  than  one  degree  in 
temperature  at  lOOO"^  C. 

Considering  the  time  effect  of  burning  upon  the  flame  height  and 
intensity  due  to  local  heating  and  change  of  depth  of  oil,  we  find  the 
flame  ceases  creeping  up  after  ten  minutes  and  will  then  remain  at 
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constant  height  to  within  0.5  mm  until  the  oil  is  used  up  (or  in  three 
hours). 

The  constancy  of  brightness  with  time  is  illustrated  by  the  follow- 
ing set  of  observations,  where  the  flame  height  was  kept  constant: 


Cat's-eye 
reading. 


A'/  in 
percentage.  ' 


Ain°C' 


After  25  minutes'  burning 


After  45  minutes*  burning 


After  2  hours'  burning. 


After  2}  hours'  burning. 


26.03 


26.26 


27. 03 


26.68 


1. 


7.5 


5.0 


O'^.O 
4''.  2 
2°.  75 


Thus  there  was  never  a  variation  corresponding  to  much  greater  than 
4^  C.  arising  from  change  of  intensity  with  time,  showing  that  the 
lamp  is  fed  at  nearly  a  constant  rate  for  all  stages  of  burning. 

It  might  be  expected  that  oils  of  different  grades  would  give  widely 
differing  results,  yet  such  did  not  prove  to  be  the  case. 

Different  samples  of  gasoline  were  used  and  gasoline  mixed  with  a 
heavy,  pure  kerosene  having  a  flash  point  of  135^  C,  when  the  fol- 
lowing results  were  obtained,  the  numbers  being  the  readings  of  the 
cat's-eye  scale,  readings  being  taken  over  a  considerable  period  of  time. 


1 

Gasoline. 

Sample  1. 

Sample  2. 

• 

Sample  3. 

26.3 

27.3 

26.4 

26.4 

27.9 

26.1 

27.1 

26.1 

Gasoline  f  x  per  cent  kerosene. 


2  per  cent.     5  per  cent.     10  per  cent. 


26.1 
26.3 


27.8 
28.3 
27.3 
26.7 


26.4 


25  per 
cent. 


26.7 


It  appears,  then,  that  with  a  base  of  any  ordinary  gasoline  there  may 
be  considerable  variations  in  the  composition  of  the  oil  burned  with  a 
practicably  negligible  change  resulting  in  the  intensity  of  the  light 
emitted  by  the  flame.  This  is  of  importance  in  the  practical  use  of  the 
instrument,  as  it  shows  that  the  scale  of  the  instrument  is  by  no  means 
locked  up  in  a  single  can  of  gasoline. 


I 
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From  the  above  it  is  clear  that  variations  in  brightness  of  the  com- 
parison flame  due  to  all  possible  causes  need  not  produce  errors  in 
temperature  measurement  of  over  5^  C,  that  is,  as  will  be  shown, 
within  the  limits  of  making  the  photometric  settings. 

Considering  now  the  sources  of  error  due  to  focusing  upon  the 
object  whose  temperature  is  sought,  it  is  first  to  be  noticed  that  there 
is  a  minimum  distance  from  the  object  at  which  the  pyrometer  can  be 
focused,  this  distance  being  somewhat  over  a  meter,  depending,  of 
course,  upon  the  focal  length  of  the  objective  and  length  of  draw  tube. 
There  is  also  a  minimum  area  which  can  be  sighted  upon  and  give  an 
image  of  suflSicient  size  to  completely  cover  the  desired  photometric 
field.  This  minimum  size  of  object  is  about  6  mm  on  a  side  when  the 
instrument  is  at  its  least  distance;  for  greater  distances  a  larger  area 
must  be  viewed. 

The  draw  tube  can  easily  be  set  to  2  mm  when  focusing,  and  as  the 
image  is  over  20  cm  from  the  pbjective  in  all  cases,  the  resulting  error 
in  intensity  due  to  focusing  is  not  greater  than  2  per  cent,  since 

or-^  =   /-=     20~^^-^^ 

This  corresponds  to  less  than  1^  C.  in  temperature,  showing  that  an 
error  of  even  5  mm  in  focusing  the  draw  tube  will  hardlj'  produce 
an  appreciable  error  in  temperature  estimation. 

Often,  in  use,  the  distance  of  the  instrument  from  the  objects  studied 
needs  to  be  changed  considerably,  and  in  rapid  work  it  is  not  always 
convenient  to  ref ocus.  We  find  that  a  change  in  this  distance  of  a  fourth 
its  value — i.  e.,  from  120  cm  to  150  cm — will  produce  only  an  apparent 
change  in  intensity  of  9  per  cent,  or  about  5^  C.  in  temperature,  at 
1000^  C,  showing  that  no  undue  precautions  in  focusing  are  needed. 

The  nonmonochromatism  of  the  red  glass  before  the  eyepiece  pro- 
duces no  appreciable  error  in  temperature  measurement  up  to  1300^0., 
although  if  this  glass  is  not  very  nearly  monochromatic  the  differences 
in  hue  in  the  two  adjacent  photometric  fields — from  the  comparison 
lamp  and  other  source — are  ver\^  troublesome,  and  the  strain  on  the 
eye  in  matching  them  is  considerable.  The  three  red  glasses  used  were 
of  different  make,  the  best^  of  which  let  through  light  between  the 
limits  A.=0.60  >u  and  A. =0.69  /4,"  this  one  proving  entirely  satisfactory 
from  the  photometric  point  of  view.  For  very  high  temperatures  it 
would  not  be  safe  to  assume  that  Wien's  law  applies  exactly,  as  there 
is  an  appreciable    displacement  toward  the  yellow,  giving  too  high 

"  Jena  glass  No.  2745,  obtained  from  Schott  and  Genossen. 
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results  for  the  computed  values  of  the  intensity,  and  so  for  the  tem- 
peratures. 

There  remains  to  consider  the  error  due  to  uncertainty  in  the  coeflB- 
cient  of  absorption  of  the  absorbing  glasses.  If  an  observation  (iV*) 
is  taken  with  and  then,  at  the  same  temperature,  one  (N)  without  an 
absorption  glass,  we  have 


K: 


=(y)' 

SO  that  the  accuracy  in  determining  ^depends  directly  upon  the  pre- 
cision of  setting  and  reading  the  cat's-eye  opening.  The  following  sets 
of  observations  show  how  closely  single  observations  may  be  repeated. 


Without  absorption  glass.             With  absorption 

Observer 

1 

2 

i                1 
3                4                1 

3 

7.3 
7.0 

8.0 
7.1 
8.3 
8.0 

25.7 
24.0 
23.6 
24.1 
25.4 
24.8 
24.8 

Cat's-eye  scale,  readings . 
Mean 

7.4 
7.4 
7.2 

7.8 
7.7 
7.8 

7.8 
7.9 
7.7 
7.8 
7.7 
7.7 

7.6 

7.8 
7.6 
7.7 
7.8 
7.4 

25.8 
24.8 
26.0 
25.8 
24.8 
24.9 
25.  3 

7.55 

7.73 

7.65 

7.60 

24.  63         25.  34 

Observers  Nos.  2  and  4  had  no  experience  in  the  use  of  the  instru- 
ment. Observers  1  and  3,  over  a  series  of  several  hundred  observa- 
tions, always  diflFer  in  the  same  way  as  above  and  by  almost  exactly 
the  same  amount.  This  constant  personal  difference  is  evidently  a 
phvsiological  effect  excited  by  the  slight  difference  in  hue  of  the 
two  halves  of  the  photometric  field. 

The  greatest  difference  in  the  means  corresponds  to  2.5°  C.  in  tem- 
pemture,  and  as  a  set  of  five  observations  may  easily  be  taken  in  two 
minutes,  it  is  safe  to  say  that  the  precision  of  readings  is  well  within 
5°  C.  at  1000°  C.  The  values  of  IC^  computed  from  the  results  of 
observers  Nos.  1  and  3,  differ  by  3  per  cent,  which  would  introduce  a  like 
error  mto  the  value  of  the  intensity,  but  its  effect  on  tempei-ature 
estimation  is  equivalent  to  a  difference  of  less  than  2°  C.  at  1000°  C. 

In  general,  it  may  be  said  that,  with  reasonable  care,  this  pyrometer 
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may  be  depended  on  to  an  order  of  aeeuracy  of  about  1  per  cent  in 
the  measurement  of  temperature. 

MODIFICATIONS  OF  THE   LE   CHATELIER   PYROMETER. 

For  use  in  technical  works  and  other  places  where  there  are  strong 
drafts  of  air,  causing  flickering  and  waving  about  of  the  flame  of 
the  oil  comparison  lamp,  it  seems  that  the  Le  Chatelier  p^^romeler 
would  ))e  improved  by  the  substitution  of  an  electric  incandescent 
lamp  of  low  voltage  placed  before  a  unifonnly  ground  diffusing  glass 
screen,  which,  illuminated  by  the  incandescent  lamp,  becomes  the  con- 
stant comparison  source.  The  reliability  of  such  a  method  of  produc- 
ing comparison  light  of  invariable  intensity  will  be  discussed  when 
describing  the  Wanner  instrument.  We  have  successfully  used  this 
method  with  the  Le  Chatelier  pyrometer.  The  electric  lamp  may  be 
mounted  in  a  vertical  arm,  which  serves  at  the  same  time  as  a  handle, 
and  then  the  instrument  becomes  as  portable  as  an  opera  glass. 

f6rY   ABSORPTION    PYROMETER." 

This  is  identical  with  Le  Chatelier's  instrument,  except  that  a  pair 
of  al)sorbing  glass  wedges  replace  the  iris  diaphragm  (see  tig.  4),  and 
the  45-  mirror  M^  with  parallel  faces,  is  silvered  over  a  narrow  vertical 
strip  giving  a  photometric  field  of  form  shown  at  C^  when  looking  at 
a  crucible.  The  instrument  has  a  fixed  angular  aperture,  so  that  no 
correction  ha«  to  })e  made  for  focusing  or  for  varying  distance  from 
furnace.  The  comparison  light  plays  the  same  role  as  in  Le  Chatelier  s 
pyrometer,  and  the  range  of  the  instrument  may  be  similarly  extended 
by  the  use  of  auxiliary  absorbing  glasses.  F^rv  has  in  addition  made 
his  instrument  movable  about  a  horizontal  axis,  which  is  a  convenience. 

The  calibration  is  equally  simple.  If  .r  is  the  thickness  of  the 
wedges,  read  off  on  a  scale,  when  the  light  from  the  comparison  lamp 
and  furnace  is  of  tha  same  brightness,  then  the  relation  between 
brightness  e/and  thickness  of  wedge  is 

where  A'' is  the  coeflicient  of  absorption  of  the  glass  of  the  wedges  for 
the  red  light  used,  and  /  is  a  constant. 

But  by  Wien's  law,  assuming  it  to  apply  here, 

B 


«  F^ry:  J.  de  Phys.,  (4)  8,  p.  32;  1904.     This  instrument  is  made  by  M.  Pellin, 
21  Rue  de  I'Odeon,  Paris. 
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or,  combining  these  two  equations, 

<■' 
whence 

Ex=  4-f=2/-^  by  putting  4  =  M 

Thus  it  follows  that  the  thickness  of  the  wedge  is  inversely  propor- 
tional to  the  absolute  temperature,  so  that  the  cali))ration  may  be 
effected  by  finding  the  thickness  of  wedge  for  two  temperatures  only, 

and  plotting  a  straight  line  and  constructing  a  table  giving  -^^and  T^ 

respectively,  in  terms  of  x. 

It  is  questionable  if  there  is  any  gain  in  substituting  the  wedge  for 
the  cat's-eye,  in  the  desire  to  extend  the  range  over  which  the  instru- 
ment may  be  used,  without  employing  the  auxiliary  absorbing  glasses, 
for  thereby  the  sensibility  is  somewhat  reduced,  and,  more  important 
still,  the  wedge  instrument  can  not  be  used  at  such  low  temperatures 
a^  the  original  Le  Chatelier  form,  nor  is  there  any  gain  in  simplicity 
of  calibration  and  ease  of  manipulation.  The  shape  of  the  photometric 
field,  the  use  of  an  aperture  of  constant  angle,  and  making  the  instru- 
ment movable  about  a  horizontal  axis,  however,  are  improvements 
which  may  be  applied  with  advantage  to  the  Le  Chatelier  instrument. 

MESUR^  AND   NOUEL's  PYROMETRIC   TELESCOPE. « 

In  this  instrument  an  attempt  is  made  to  control  temperatures  by 
taking  advantage  of  the  rotation  of  the  plane  of  polarization  of  light 
passing  through  a  quartz  plate  cut  perpendicular  to  its  axis.  The 
angle  of  rotation  is  directly  proportional  to  the  thickness  of  the 
quartz,  and  approximately  inversely  proportional  to  the  square  of  the 
wave  length. 

Light  from  an  incandescent  object,  passing  through  the  slightly 
ground  diffusing  glass  G^  enters  a  polarizing  nicol  P,  and,  traversing 
the  quartz  plate  Q^  strikes  the  analyzer  A,  and  is  viewed  through  the 
eye-piece  OZ.  In  general,  the  field  of  view  will  be  colored,  and  by 
turning  the  analyzer  the  color  observed  will  change,  because  the  light, 
all  polarized  in  the  same  plane  emerging  from  P,  is  polarized  in  vari- 
ous planes,  depending  on  the  wave  length,  by  the  quartz  Q^  so  that 
the  angle  between  the  nicols  A  and  P  determines  the  color  that  will 
be  seen. 

o  Made  by  M.  Ducretet,  75  Rue  Claude-Bernard,  Paris. 
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There  is  a  color  to  which  the  eye  is  particularly  sensitive,  the  transi- 
tion hue  between  the  red  and  green,  to  which  the  analyzer  is  turned  in 
taking  observations.     This  sensitive  hue  is  of  a  lemon-yellow  color. 

If,  then,  it  is  desired  to  control  the  constancy  of  temperature  of  a 
Heated  incandescent  body,  it  is  viewed  and  the  instrument  set  to  the 
sensitive  hue,  when  any  change  in  temperature  will  cause  a  change  in 
composition  of  the  transmitted  light,  and  consequently  a  change  in 
color  as  viewed  through  the  eye-piece. 


Fig.  6.— Mesur^  and  Nouel  pyrometric  telescope. 

Besides  being  used  to  control  heating  at  a  constant  temperature,  this 
instrument  is  sometimes  used  for  estimating  the  temperatures  them- 
selves. For  this  purpose  a  circle  C  graduated  in  degrees  is  attached 
to  the  rotating  analyzer  and  the  readings  given  by  the  index  /,  when 
the  sensitive  hue  is  reached,  are  empirically  reduced  to  degrees  of 
temperature.  The  adjustment  of  the  zero  of  the  scale  may  be  made 
by  removing  the  quartz  at  M,  This  pyroscope  is  rendered  more  sen- 
sitive, especially  at  low  temperatures,  by  addition  of  the  objective  Z, 
which  is  focused  by  the  rack  and  pinion  R, 

This  instrument  gives  a  temperature  scale  varying  not  only  with 
different  observers  but  with  the  same  observer  at  different  times,  due 
to  the  uncertainty  in  recognizing  the  sensitive  hue.  This  hue,  more- 
over, is  not  fixed  in  color  but  varies  with  the  temperature,  so  that  the 
uncertainties  of  observation  easilv  amount  to  over  100°  C,  and  even 
after  considerable  practice  an  observer  can  not  be  sure  of  his  readings 
to  better  than  50  C.  at  temperatures  above  10(K)°  C.  This  instrument 
has  the  advantage  over  all  others,  in  that  it  ha*s  no  auxiliary'  apparatus 
whatever,  but  its  lack  of  sensibility  debars  it  from  a  place  among 
accurate  measuring  instruments.  It  replaces  the  unaided  eye  to  advan- 
tage and  its  lower  limit  is  about  750°  C.  It  has  found  its  widest  use 
in  the  ceramic  industries. 

WANNER    PYROMETER." 

In  1901  Wanner,*  making  use  of  the  polarizing,  principle  which 
had   been  considered  but  not  used  by  Le  Chatelier,  brought  out  a 

«  This  instrument  is  made  by  Dr.  R.  Hase,  Hanover. 

ft  Wanner:  Phys.  Z.  S.,  8,  p.  112;  1902.  Iron  Age,  Feb.  18,  p.  24;  1904.  Stahl 
und  Eisen,  22,  p.  207;  1902. 
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photometer-pyrometer  which  is  a  modification,  suited  to  temperature 
measurements,  of  KOni^'s  spectrophotometer. « 

The  comparison  light  is  a  6-volt  incandescent  lamp  illuminating  a 
glass  mat  surface.  Monochromatic  red  light  is  produced  by  means  of 
a  direct  vision  spectroscope  and  screen  cutting  out  all  but  a  narrow 
band  in  the  red,  and  the  photometric  comparison  is  made  by  adjusting 
to  equal  brightness  both  halves  of  the  photometric  field  by  means  of 
the  polarizing  arrangement  shown  in  fig.  7. 


W.',-A^ k. 


Fig.  7.— Wanner  optical  pyrometer. 

The  slit  S^  is  illuminated  b}'  light  from  the  comparison  source  reach- 
ing S^  after  diffuse  reflection  from  a  right-angled  prism  placed  before 
/Sj.  Light  from  the  object  whose  temperature  is  sought  enters  the 
slit  S^.  The  two  beams  are  rendered  pamllel  by  the  lens  O^  and  each 
dispersed  into  a  continuous  spectrum  by  the  direct- vision  prism  P. 
Each  of  these  beams  is  next  separated  by  a  Rochon  prism  R  into  two 
beams  polarized  in  planes  at  right  angles.  Considering  only  the  red 
light  there  would  now  be  four  images  formed  b}^  the  lens  0^  and  dis- 
tributed about  the  slit  D.  In  order  to  bring  two  red  images  oppositely 
polarized  exactly  before  this  slit,  a  biprism  B  is  interposed  whose 
angle  is  such  as  to  effect  this  for  two  images  only,  at  the  same  time 
increasing  the  number  of  images  to  eight.  There  is  now  in  the  field 
of  view  before  the  nicol  anal\'zer  A  two  contiguous  red  fields  com- 
posed of  light  polarized  in  planes  at  right  angles,  the  light  of  one 
coming  from  S^  and  of  the  other  from  ^2*  ^^1  ^^^  other  images  are 
cut  off'  from  the  slit  D.  If  the  analyzer  is  at  an  angle  of  45^  with  the 
plane  of  polarization  of  each  beam,  and  if  the  illumination  of  S^  and  S^ 
is  of  the  same  brightness,  the  eye  will  see  a  single  red  field  of  uniform 
brightness.  If  one  slit  receives  more  light  than  the  other,  one- half 
of  the  field  will  brighten,  and  the  two  may  be  brought  to  equality 
again  by  turning  the  analyzer  carrying  a  graduated  scale,  which  may 
be  calibrated  in  terms  of  tempemture. 

If  the  analyzer  is  turned  through  an  angle  ^  to  bring  the  two  halves 
of  the  field  to  the  same  brightness,  the  relation  between  the  two  inten- 
sities from  S^  and  S^  is: 

(a)  ^=tanV. 


aKonig:  Wied.  Ann.,  58,  p.  785;  1894. 
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Since  monochromatic  light  is  used,  and  the  comparison  beam  and  that 
from  the  object  examined  undergo  the  same  optical  changes,  Wien's 
equation  (III)  forms  the  basis  of  the  calibration. 

If  Jq  is  the  intensity  of  the  light  from  the  standard,  and  f/that  from 
the  object  whose  temperature  is  sought,  Wien's  equation  gives 


Q>) 


log 


10 


(9= 


'ogi, 


\T,    T/ 


Since  the  constant  r,  equals  14500  for  a  black  body  and  A. =0.656// 
as  the  instrument  is  usuall}'  constructed,  a  knowledge  of  the  apparent 
black-})ody  temperature  of  the  standard  source,  together  with  the  read- 
ing of  the  analyzer  scale  at  the  normal  point  when  J—Jq^  is  all  the  data 
required  for  the  calibration  of  such  an  instrument,  as  any  temperature 
may  then  be  calculated,  by  means  of  equations  {a)  and  (J),  in  terms  of 
the  scale  readings.  This  instrument  may  also,  of  course,  be  empirically 
calibrated  against  a  thermocouple,  using  a  black  body  to  sight  upon. 


--^ 


OIFFUSINQ  GLASS 


FLAME 
QAUQE 


,^AMYL-ACETAT 
LAMP 


Fig.  8.— Wanner  optical  pyrometer  in  position  for  standardizing. 

It  is  evidently  necessary  to  be  able  to  always  reproduce  exactly  the 
standard  intensit}'  J^.  The  brightness  of  an  electric  lamp  will  vary 
with  the  current  through  it,  so  it  is  necessary  to  check  frequently  the 
constancy  of  illumination  of  the  slit  S^^  against  a  standard  and  constant 
source  of  light.  An  amyl-acetate  lamp  and  a  ground-glass  diffusing 
screen  can  be  placed  before  the  slit  *S,  thus  furnishing  the  standard 
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li^ht  required.  The  analyser  is  then  set  at  the  previously  determined 
normal  point  and  the  distance  of  the  electric  lamp  from  S^  and  the  cur- 
rent through  it  adjusted  until  the  two  fields  appear  of  the  same  bright- 
ness. 

Sources  of  error. — ^The  sensibility  of  this  instrument  varies  with 
change  in  the  angle  and  is  so  adjusted  as  to  be  the  greatest  between 
1000^  and  1500^  C  and  is  a»)out  as  follows: 


0.1  scale  div. 
0.1  scale  div. 
0.1  scale  div. 


1°  C  at  1000°  C. 
2°  C  at  1500°  C. 
7°  C  at  1800°  C. 


The  reproducibility  of  the  brightness  of  the  amyl-acetate  flame  as 
viewed  through  the  ground-glass  diffusing  screen  is  a  measure  of  the 
ability  of  the  instiTiment  to  repeat  its  indications.  It  is  very  impor- 
tant that  this  diffusing  screen  be  always  placed  in  exactly  the  same 
position  relative  to  the  flame  and  slit  S^.^  and  further,  that  it  be  free 
from  dust  and  finger  marks.  These  requirements  can  only  be  satisfac- 
torily met  by  protecting  this  screen  by  a  cover-glass  and  providing  an 
adjustment  for  setting  it  exactly  in  place  between  the  flame  and  slit. 

The  constancy  of  the  amyl-acetate  flame  as  used  with  this  pyrometer 
under  ordinary  conditions  of  burning  is  illustrated  by  the  following  set 
of  observations,  taken  at  different  times  when  the  current  through  the 
electric  comparison  lamp  was  kept  rigorously  constant  by  means  of 
a  milliammeter  and  rheostat: 


1            Reading  of  instrument.^ 

Deviations. 

39.9 

0.28 

39.9 

-0.28 

40.1 

0.48 

39.9 

0.28 

39.1 

-fO.52 

39.2 

-1-0.42 

39.8 

-0.18 

39.0 

-fO.62 

0.38 

1 

1                 Mean  :^9. 62 

1 

a  39.6  div8.  on  the  graduated  circle  <^U.h'P  C,  and  at  this  part  of  the  scale  1  div.  07°  C. 

This  shows  that  the  flame  can  be  relied  upon  to  give  an  intensity  of 
illumination  whose  constancy  expressed  in  terms  of  temperature  is 
better  than  0.6  per  cent.     Variations  in  height  of  the  flame  if  they  do 
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not  exceed  3  mm,  together  with  fluctuations  in  atmospheric  conditions, 
will  not  produce  errors  in  temperature  estimation  exceeding  1  per  cent. 

The  uncertainty  of  setting  the  Nieol,  due  to  lack  of  sensitiveness  of 
the  eye  to  exactly  match  the  two  halves  of  the  photometric  field,  is  also 
about  1  per  cent,  or  somewhat  better  with  practice. 

The  adjustment  of  the  electric  lamp  to  standard  intensity  at  the  point 
on  the  scale  chosen  as  normal  point,  when  proper  care  is  taken  regard- 
ing the  diffusing  screen,  can  be  made  to  within  1  per  cent  expressed  in 
temperature.  This  source  of  error  does  not  affect  relative  results  in 
any  one  series  for  one  setting  to  the  normal  point. 

The  most  serious  source  of  error,  except  when  special  precautions 
are  taken,  is  the  variation  in  brightness  of  the  electric  comparison 
lamp  due  to  variation  in  the  current  furnished  by  the  (three  cell)  stor- 
age battery,  the  percentage  change  in  light  being  of  the  order  of  six 
times  the  percentage  change  in  current  through  the  lamp. 

The  behavior  of  a  battery  of  10  ampere-hours  capacity  furnished 
with  a  Wanner  instrument  is  shown  by  the  accompanying  plot  in  which 
the  variations  of  voltage  with  time  are  shown;  it  will  be  seen  that  after 
making  circuit  the  electromotive  force  drops  by  about  2  per  cent  in 
two  minutes  and  then  falls  off  slowly,  but  nearly  recovers  the  original 
voltage  after  remaining  on  open  circuit  even  for  a  very  short  time. 


11        12 


9         10       11        12        1  2         3 

NORMAL  DISCHARGE— .79  AMP. 

Fig.  9.— Dlschargre  curves  of  storage  battery. 


1C      11      12 


When  the  battery  is  in  good  condition  the  variation  in  three  hours 
at  normal  discharge  (0.75  ampere)  is  about  0.08  volt,  and  somewhat 
less  for  the  current  (0.55  ampere)  taken  by  the  lamp;  with  the  bat- 
tery in  poor  condition  these  changes  are  much  accentuated  as  shown 
by  the  plot. 
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The  following  table  illustrates  the  effect  of  slight  variations  in  cur- 
rent through  the  lamp  on  the  apparent  temperature  of  the  amyl-acetate 
flame,  both  for  the  small  10-ampere-hour  battery  furnished  with  the 
instrument  and  for  a  battery  of  75-ampere-hour8  capacity. 


1 

SMALL  BATTERY. 

Time. 

Wanner  scale 
rdg. 

Current 
through  lamp. 

Per  cent  change 

in  current 
through  lamp. 

Apparent 

change  in 

temperature 

observed. 

15  min. 

31.2 

0.5645 

20    " 

31.8 

0. 5640 

0.1     . 

1°C. 

27     " 

32.7 

0.5550 

1.7 

10 

37     ** 

34.6 

0.5400 

4.3 

25 

38     " 

1                              1 
Disconnected  battery  2-minute8. 

40     ** 

32.5 

0. 5570 

1.5 

7 

42     ** 

31.7 

0.5610 

0.6 

3 

45     " 

32.5 

0.5560 

1.5 

15 

47     ** 

33.1 

0. 5405 

4.1 

24 

LARGE  BATTERY. 

15  min. 

37.8 

0. 5610 

17     " 

37.9 

0.5590 

0.4 

2''C. 

21     " 

39.1 

0.5550 

1.1 

7 

26     " 

39.3 

0. 5515 

1.7 

10 

33     ** 

40.0 

0.5455 

2.8 

17 

45     ** 

40.9 

0.5390 

3.9 

23 

52     ** 

41.1 

0.5385 

4.0 

23 

53     " 

1 
Disconnected  battery  9-minutes. 

63     '* 

37.2 

0.5610 

0.0 

0 

73     ** 

39.9 

0.5460 

2.8 

17 

The  above  results  give  abundant  evidence  of  the  need  of  maintain- 
ing the  current  through  the  lamp  quite  constant  in  work  of  precision. 
A  series  of  experiments  has  shown  that  in  the  range  1000^-1500^  C. 
one  division  on  the  Wanner  scale  corresponds  to  about  0.009  amperes, 
or  1°  C.  apparent  change  in  temperature  is  produced  by  a  fluctuation 
of  0.0012  amperes  through  the  lamp;  hence  to  obtain  a  precision  of 
6^  C.  the  current  must  be  kept  constant  to  1  per  cent.  The  above  table 
and  plot  show  that  this  is  by  no  means  effected  by  using  the  battery 
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without  regulating  the  current,  for  even  with  the  battery  in  fhe  best 
condition  the  current  increases  by  2  per  cent  in  the  first  eight  or  nine 
nninutes  of  discharge  and  then  falls  off  1  per  cent  in  the  next  twenty 
minutes,  as  shown  by  the  plot.  The  temperature  coefficient  of  the 
battery  would  produce  only  insignificant  changes.  The  table  shows 
further  that  even  with  a  large-cell  battery,  breaking  the  circuit  and 
then  making  it  again  may  cause  an  apparent  temperature  change  of 
over  20^  C.  For  work  of  precision,  therefore,  it  is  essential  to  keep 
the  current  constant  by  means  of  a  milliammeter  and  rheostat. 

Range  and  limitations. — The  above  description  of  the  Wanner 
pyrometer  has  shown  the  great  loss  of  light  due  to  the  optical  system 
employed.  This  prevents  measuring  temperatures  below  about  900^  C. 
(1650^  F.)  with  this  instrument.  There  is  no  method  of  sighting  this 
pyrometer  exactly  upon  the  spot  desired,  except  by  trial,  as  no  image 
of  the  object  examined  is  formed  in  the  eyepiece,  but  this  incon- 
venience is  in  part  compensated  by  not  having  to  focus  with  varying 
distance  from  the  object. 

There  is  another  limitation  which  may  in  certain  cases  become  a 
serious  source  of  error.  Light  from  incandescent  surfaces  is  in  general 
partially  polarized,  and  as  the  Wanner  instrument  is  a  polarizing 
pyrometer,  care  must  be  taken  to  eliminate  this  source  of  error  when 
it  exists.  The  magnitude  of  the  error  arising  from  this  cause  is 
entirely  negligible  for  all  practical  purposes  for  such  substances  as 
iron,  porcelain,  and  glass.  The  results  of  experiments  on  the  polariza- 
tion of  light  from  incandescent  surfaces  are  given  on  page  251. 

A  review  of  the  sources  of  error  and  limitations  of  the  Wanner 
pyrometer  shows  that  they  may  exert  a  relatively  large  effect  on  the 
temperature  measurements,  and  it  was  therefore  thought  worth  while 
to  emphasize  them,  but,  on  the  other  hand,  they  may  all  be  kept  quite 
small  with  reasonable  care,  and  the  instrument  then  becomes  one  of 
great  precision  and  convenience. 

HOLBORN-KURLBAUM"  AND  MORSE*  PYROMETERS. 

About  the  same  time  Hoi  born  and  Kurlbaum*^  in  Germanv  and 
Morse  *'  in  this  country  brought  out  an  optical  pyrometer  using  a  new 
photometric  method. 

«Thi8  instrument  is  made  by  the  Siemens  and  Halske  Aktiengesellschaft,  94 
Markgrafenstrasse,  Berlin. 

&  This  instrument  is  made  by  the  Morse  Thermo-Gage  Company,  Trumansburg, 
N.  Y. 

<^Holbornand  Kurlbaum:  Ber.  d.  K.  Akad.  d.  Wiss.,  Berlin,  p.  712;  1901.  Ann.  d. 
Phys.,  10;  p.  225;  1903. 

d  Morse:  American  Machinist,  1903;  U.  S.  Letters  Patent  696878,  696916;  1902. 
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If  a  suflScient  current  is  sent  through  the  filament  of  an  electric 
lannp,  the  filament  ^lows  red  at  first,  and  as  the  current  is  increased, 
the  filament,  getting  hotter  and  hotter,  becomes  orange,  yellow,  and 
white,  just  as  any  progressively  heated  body.  If,  now,  this  filament  is 
interposed  between  the  eye  and  an  incandescent  object,  the  current 
through  the  lamp  may  be  adjusted  until  a  portion  of  the  filament  is  of 
the  same  color  and  brightness  as  the  object.  When  this  occurs  this 
part  of  the  filament  becomes  invisible  against  the  bright  background 
and  the  current  through  the  lamp  then  becomes  a  measure  of  the  tem- 


NoTE.— As  a  result  of  recent  litigation   the  Holborn-Kurlbaum 
Pyrometer  has  been  withdrawn  from  sale. 
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Fig.  10.— Holbom-Kurlbaum  optical  pyrometer. 


telescope  provided  with  suitable  stops  i?,  Z>,  D^  and  a  focussing  screw, 
/S,  for  the  objective.  The  lamp  circuit  is  completed  through  a  2-cell 
storage  battery  B^  a  rheostat,  and  a  milli-ammeter. 

The  determination  of  a  temperature  consists  in  focussing  the  instru- 
ment upon  the  incandescent  object,  thus  bringing  its  image  into  the 
plane  .4  6^,  and  adjusting  the  current  by  means  of  the  rheostat  until  the 
tip  of  the  lamp  filament  disappears  against  the  bright  background, 
when,  from  the  reading  of  the  milli-ammeter,  the  temperature  can  be 
found  from  a  previous  calibration  of  the  lamp  giving  the  relation 
between  the  currents  through  it  and  the  corresponding  temperatures 
of  a  radiating  black  body.  The  calibration  will  evidently  be  an  inde- 
pendent one  for  each  lamp  used. 
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As  the  temperature  of  the  filament  increases,  the  effect  of  irradiation 
and  too  great  brightness  become  blinding,  and  the  photometric  com- 
parison is  rendered  possible  at  these  temperatures  by  the  introduction 
of  one  or  more  monochromatic  red  glasse;?  before  the  eyepiece,  giving 
as  well  all  the  advantages  of  photometry  of  a  single  color.  Below 
800^  C.  the  measurements  are  more  easily  made  without  any  red  glass, 
as  the  filament  itself  is  then  red  and  the  lowest  temperatures  are  of 
course  reached  with  the  least  interposition  possible  of  absorbing  media. 
The  lower  limit  of  the  instrument  is  very  nearly  600*^  C.  Two  red 
glasses  are  required  for  temperatures  above  1200^  C,  and  for  very 
high  temperatures  it  is  necessary,  in  order  to  avoid  overheating  the 
lamp  filament  by  the  current,  to  put  absorbing  glasses  or  mirrors 
before  the  objective,  and  they  also  require  calibration. 

The  coeflicient  of  absorption  of  the  absorbing  glasses  may  be  calcu- 
lated by  making  use  of  Wien's  law,  supposing  it  to  hold  for  the  red 
glass  used  in  the  eyepiece.  If  ^is  the  coefficient  of  absorption  and 
Tj,  T^  are  the  apparent  black-body  temperatures  (absolute)  given  by 
the  pyrometer,  sighting  first  without  and  then  with  the  absorbing 
glasses,  Wien's  equation  gives: 

loff.o  X=iog„  7;=^  log,,  f  Q-i;) 

where  c?2  =  14500  and  A.  is  the  effective  wave  length  for  the  red 
glass  used.  For  ver^^  higl)  temperatures,  although  this  formula  will 
give  a  consistent  scale  when  K  has  been  determined,  the  values 
obtained  are  in  error  by  amounts  depending  upon  the  lack  of  mono- 
chromatism  of  the  red  glass  used  and  upon  the  consequent  varying 
absorbing  powerof  the  absorption  glasses. 

The  eye  is  particularly  sensitive  in  recognizing  equality  of  bright- 
ness of  two  surfaces,  one  in  front  of  the  other,  and  this  pyrometer 
therefore  provides  a  very  delicate  means  of  judging  temperatures. 
The  precision  attainable  with  this  pyrometer  is  illustrated  by  the 
following  series  of  observations,  which  are  indicative  of  the  ordinary 
performance  of  the  instrument: 
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Temperature  from 
H.  &  K.  pyrometer. 

Temperature  from 
thermocouple. 

Temperature  from 
H.  <fe  K.  pyrometer. 

Temperature  from 
thermocouple. 

1347°  C. 

1347°  C. 

632°  C. 

634°  C. 

1351 

1347 

634 

633 

1343 

1343 

633 

633 

1338 

1342 

633 

632 

1342 

1342 

Different  observers  do  not  differ  by  any  appreciable  amount  in  their 
readings,  and  at  low  temperatures  the  same  values  are  obtained  whether 
a  red  glass  is  used  or  not. 

The  relation  between  current  and  temperature  is  sufficiently  well 
expressed  by  a  quadratic  formula  of  the  form: 

C=a+ht+cf 

That  this  formula  gives  satisfactory  results  is  shown  by  observations 
of  Holborn  and  Kurlbaum,  for  example,  with  a  lamp  satisfying  the 
equation. 

C' 10* = 170.0+0. 160025+0.00013332?^ 


C  amp. 

t  obs. 

t  calc. 

jUt 

0.340 

686°  C.       • 

679°  C. 

-7°C. 

.375 

778 

778 

0 

.402 

844 

850 

+6 

.477 

1X)26 

1032 

+6 

.552 

1196 

1196 

0 

.631 

1354 

1354 

0 

.712 

1504 

1504 

0 

The  question  whether  or  not  the  temperatures  indicated  by  the  lamp 
will  repeat  themselves  for  continued  burning  or  aging  is  a  vital  one 
for  the  permanence  of  a  calibration  and  hence  for  the  practical  useful- 
ness of  the  pyrometer.  Holborn  and  Kurlbaum,  as  well  as  ourselves, 
have  made  a  thorough  study  of  this  possible  source  of  error. 

Lamps  which  have  not  been  aged  or  burned  for  some  time  at  a  tem- 
perature considerably  above  that  at  which  they  will  ordinarily  be  used 
undergo  marked  changes  and  are  unreliable,  but  if  properlj'  aged  they 
reach  a  steady  condition,  as  indicated  by  the  following  table  of  results 

5834— No.  2—05 8 
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obtained  by  Holborn  and  Kurlbaum  on  three  lamps.     The  current  is 
given  in  each  case  for  a  temperature  of  IjlOC*  C. 


Lamp  number 


After  20  hours*  burning  at  1900°  C 0.608 

After5  hours'  burning  at  1900°  C '      .613 

After  5  hours'  burning  at  1900°  C '      .621 

After  5  hours'  bumingat  1900°  C 622 

After  20  hours'  burning  at  1500°  C 622 


2 

3 

0.592 

0.589 

.592 

.592    , 

.597 

.597    1 

.  &yy 

.600 

.599 

.601 

The  plot  below  shows  the  results  we  have  obtained  by  calibrating  a 
lamp,  when  new,  after  twenty  hours'*  aging  at  1800^  C.  and  again 
after  forty  more  hours'  aging  at  1800"^.  A  number  of  other  lamps 
were  calibrated  with  similar  results.     It  will  be  seen  that  if  a  lamp 
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Current  ia  Amps, 

Fig.  11.— Aging  of  Holbom-Kurlbaum  lamp. 


0.70 


0.75 


is  not  aged  its  indications  may  change  by  as  much  as  25^  C.  with 
time,  but  after  twenty  hours'  heating  at  18(H)-  it  will  undergo  no 
further  appreciable  changes  over  a  period  of  time  corresponding  to 
many  months  as  used  intermittently  in  the  shop  if  not  heated  above 
15lHJ^.  This  state  of  permanence  is  sufficient  to  satisfy  the  most 
rigid  requirements  of  practice. 
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MORSE   PYROMETER. 

This  instrument,  based  on  exactly  the  same  principle  as  the  Holborn- 
Kurlbaum,  is  illustrated  in  fig.  12.  It  will  onl}^  be  necessary  in 
describing  it  to  point  out  the  differences  in  construction. 

Instead  of  a  simple  hairpin  filament,  Morse  uses  a  spiral  filament 
S  in  the  lamp  Z,  requiring  a  battery  of  twenty  to  forty  volt«.  In  sight- 
ing upon  an  incandescent  body  it  is  necessary  to  choose  some  particular 
spot  of  the  spiral  and  try  to  make  that  spot  disappear.  This  is  fati- 
guing, as  the  spiral  covers  a  large  area  and  is  of  just  sufficiently  varying 
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Flo.  12. — Morse  thermo-gngc. 


color  to  cause  the  eye  to  wander.  The  instrument  is  not  a  telescope, 
possessing  no  eye-piece  or  objective,  so  that  the  eye  has  to  be  trained 
to  recognize  the  merging  of  two  bright  surfaces  at  different  distances. 
This  is  readily  attained  by  practice. 

The  Morse  instrument,  called  a  thermo-gage,  was  designed  for  use 
in  hardening  steel,  and  throughout  the  limited  temperature  mnge 
required  in  this  process,  in  spite  of  the  crudeness  of  construction 
above  noted,  this  pyrometer  may  be  read  to  about  3^  C.  within  this 
range,  and  therefore  meets,  in  this  respect,  all  the  requirements  of 
technical  operations.  Above  1200^  C,  however,  it  is  very  difficult 
and  soon  becomes  impossible  to  make  a  satisfactory  setting. 

In  view  of  the  eminently  satisfactory  results  obtained  with  the  low- 
voltage  lamps  of  Holborn  and  Kurlbaum,  it  would  seem  that  there  can 
be  little  or  no  gain  as  to  permanence  in  the  higher  voltage  spiral  form 


238  BULLETIN    OF   THE    BUREAU    OF   STANDARDS.       Ivol.1,no.2 

used  by  Morse.  On  the  contrary,  convenience  of  reading,  accuracy 
of  setting,  and  especially  economy  of  installation  and  portability  of 
pyrometer  and  battery,  all  are  in  favor  of  the  low-voltage  haii*pin  type. 

Our  tests  of  these  spiral  filament  lamps  show  that  when  aged  at 
1200^  C.  they  will  remain  constant  for  at  least  several  hundred 
hours  within  the  range  over  which  they  are  intended  to  be  used.  The 
Morse  instrument  would  also  be  greatly  improved  if  provided  with  a 
simple  focusing  device,  also  with  a  red  glass  before  the  eye  for  tem- 
peratures above  900 "  C. ,  and  an  absorbing  glass  before  the  lamp  for 
very  high  temperatures.     » 

It  is  interesting  in  this  connection  to  note  the  behavior  of  ordinary 
incandescent  lamps  as  to  permanence.  The  accompanying  plot  shows 
the  changes  in  candlepower  of  an  ordinary  16-candlepower  incandescent 


Fio.  13. — Asring  of  an  incandescent  lamp. 

lamp  burning  under  normal  conditions  (3.5  watts  per  candlepower),  or 
with  the  filament  at  a  temperature  of  about  1900^  C.  It  is  seen  that 
the  brightness  falls  off  20  per  cent  in  425  hours,  and  that  the  relation 
between  candlepower  and  time  is  a  linear  one  with  a  maximum  bright- 
ness after  50  hours'  burning.  In  terms  of  temperature  the  total  change 
in  brightness  is  equivalent  to  less  than  15^  C,  so  that  it  is  evident 
that  an  ordinary  incandescent  lamp  run  at  temperatures  less  than 
1000*^  C.  and  used  pyrometrically  will  give  a  comparison  stiandard 
which  will  not  change  appreciably  in  temperature  over  a  period  of 
many  hundred  hours. 

f6rY  THERMOELECTRIC  TELESCOPE.^ 

This  pyrometer  is  the  only  form  of  instrument  based  on  the  energy 
of  total  radiation  which  has  come  into  practical  use  for  temperature 

oF^ry:  C.  R.,  184,  p.  977;  1902.    Ann.  d.  Chem.  et  d.  Phye.  (7),  28,  p.  428;  1903. 
J.  de  Phys.,  8,  p.  701;  1904.    This  instrument  is  made  by  M.  Pellin,  21  Rue  de 
*Odeon,  Paris. 
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measurements.  As  in  the  case  of  the  photometric  pyrometers,  the 
limitations  as  to  the  realization  of  a  black  body  apply  here  also. 

Kadiation  from  an  incandescent  body  is  focussed  upon  a  very  minute 
and  sensitive  thermocouple  and  i-aises  it?  temperature.  The  electro- 
motive force  thus  generated  at  the  junction  actuates  a  sensitive  poten- 
tial galvanometer  in  series  with  the  couple,  so  that  we  have  here  a  radi- 
ation pyrometer  which  is  direct  reading  by  means  of  a  pointer  over  a 
scale  and  could,  therefore,  readily  be  made  a  recording  instrument. 

The  difficulty  in  construction  of  such  an  instrument  is  in  realizing  a 
material  for  the  lens  which  is  transparent  for  all  radiations,  so  that  the 
pyrometer  may  be  calibrated  directly  in  terms  of  the  Stefan-Boltz- 
mann  law.  This  is  effected  by  the  use  of  a  fluoiite  lens  which  for 
temperatures  above  900°  0.  satisfies  the  conditions  of  not  altering 
appreciably  the  radiations  transmitted  through  it;  that  is  to  say,  the 
ratio  of  the  radiation  absorbed  to  the  radiation  transmitted  is  constant. 

At  low  temperatures  a  large  proportion  of  the  energy  exists  in  the 
form  of  long  wave  lengths,  and  as  fluorite  has  an  absoi-ption  band  in 
the  infra-red  (near  6/j)  it  will  absorb  a  considerable  portion  of  the 
radiation,  and  therefore  the  Stefan-Boltzmann  law  can  no  longer  be 
assumed.  With  a  suiBcientI}'  sensitive  galvanometer  this  pyrometer 
could,  however,  still  be  calibrated  for  low  temperatures. 


Fio.  U.—Fiiy  tbermoelectrlc  telMcope. 

Fig.  14  illustrates  the  construction  of  the  instrument  where  J^  is 
the  fluorite  lens,  /*a  rack  and  pinion  for  focussing  the  radiations  upon 
the  thermo- junction  of  iron-constantan  protected  from  extraneous  rays 
by  the  screens  C,  D,  shown  also  in  section  at  AS.  The  wires  of  the 
thermo-couple  are  of  very  small  dimensions  (a  few  thousandths  of  a 
millimeter)  and  are  soldered  to  a  silver  disk.  The  leads  are  brought  out 
to  the  insulated  binding  posts  b,  h'.  The  arrangement  adopted  reduces 
extraneous  thermal  currents  to  a  minimum.  The  circuit  is  completed 
through  a  sensitive  galvanometer  provided  with  a  scale.     A  diaphragm 
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fixed  in  size  and  position,  EE^  gives  a  cone  of  rays  of  constant  angular 
aperture  independent  of  tlie  focusing. 

In  making  a  temperature  measurement  it  is  necessary  to  focus  the 
image  of  the  incandescent  object  upon  the  the rmo- junction  by  means 
of  the  eyepiece  O^  and  care  must  be  taken  that  this  image  is  of  greater 
size  than  the  junction.  This  adjustment  once  made,  the  pyrometer 
functions  indefinitely  while  sighted  upon  the  same  object,  readings 
of  the  galvanometer  scale  giving  temperatures  directly  from  the 
calibration. 

The  precision  attainable  with  this  form  of  instrument,  over  the 
range  in  which  it  may  be  controlled  with  the  thermoelectric  pyrometer, 
is  shown  from  data  obtained  by  F^r}',  assuming  the  Stefan-Boltzmann 
law  to  hold  in  the  form 

where  E  is  the  total  energy  of  radiation,  d  the  galvanometer  deflec- 
tion, and  T' the  absolute  temperature. 


d 

Temperature 

from 
thennocouple. 

844° 

Temperature 

from 
Stefan's  Jaw. 

A  in  decrees. 

Error  in 
l>ercentage. 

1.85 

11.0 

860° 

-hl6° 

14.0 

914 

925 

-fll 

.84 

17.  7 

990 

990 

0 

.0 

21.5 

1054 

1060 

-f  6 

.60 

26.0 

1120 

1120 

rfc  0 

.0 

32.2 

1192 

1190 

-  2 

.17 

38.7 

1260 

1250 

10 

.80 

45.7 

1328 

1320 

-  8 

.60 

52.5 

1385 

1380 

5 

.36 

62.2 

1458 

1450 

-  8 

.50 

It  is  evident,  furthermore,  that  if  the  galvanometer  has  a  uniform 
scale  and  the  temperature  T^  is  known  corresponding  to  any  one  scale 
reading  ^j,  the  temperature  T^  for  any  other  reading  R^  may  be  found 
from  the  relation 


=^•7 


R<j. 


which  also  shows  that  errors  in  the  galvanometer  readings  are  divided 
by  4  when  reduced  to  temperatures.  For  very  high  temperatures 
deflections  off  the  scale  of  the  galvanometer  will  be  obtained.     F^ry 
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overcomes  this  difficulty  by  substituting  a  smaller  diaphragm  before 
the  objective  when  the  radiation  is  reduced  in  the  ratio  of  the  areas  of 
the  apertures.  Shunting  the  galvanometer  will  also  accomplish  the 
same  end  and  this  latter  method  is  probably  capable  of  more  accuracy. 

The  laboratory  form  of  apparatus  described  above  is  not  well  suited 
for  use  in  technical  practice,  and  fluorite  is  hard  to  get  of  sufficient 
size.  The  industrial  pyrojneter  is  made  by  substituting  for  the  fluor- 
ite lens  a  much  larger  one  of  glass,  and  for  the  delicate  galvanometer 
one  of  the  same  type  and  sensibility  as  is  used  in  thermoelectric  work; 
the  resulting  instrument  is  robust  and  sufficiently  sensitive  for  all 
practical  uses  and,  as  made,  has  a  range  from  800^  C.  to  1600^  C, 
although  the  upper  limit  could  readily  be  extended  in  the  manner 
indicated  above. 

The  indications  of  the  industrial  form  of  this  pyrometer  will  hot 
obey  Stefan's  law,  but  the  instrument  may  readily  be  calibrated  by 
direct  comparison,  either  with  a  thermo-couple  or  with  a  laboratory 
form  of  Fury's  instrument,  and  the  temperatures  engraved  on  the  scale 
of  the  pyrometer  galvanometer. 

Both  types  of  instrument  might  be  constructed  so  as  to  reach  lower 
temperatures  (650*^  C.)  by  means  of  more  sensitive  galvanometers,  so 
that  this  pyrometer  could  then  be  used  to  advantage  in  steel  harden- 
ing or  other  processes  requiring  relatively  low  temperatures.  F^ry" 
has  recently  brought  out  a  pyrometer  in  which  the  energy  of  radiation 
is  focussed  on  the  thermojunction  by  means  of  a  concave  mirror,  thus 
extending  the  lower  limit  to  500*^  C  or  thereabouts.  The  mirror 
instrument  is  also  the  more  sensitive. 

5.  Comparison  of  Various  Types  op  Optical  Pyrometers. 

No  attempt  will  here  be  made  to  answer  the  question  so  often  asked, 
''•  Which  is  the  best  pyrometer  if "  as  it  is  evident  from  what  precedes 
that  a  single  answer  to  this  question  is  impossible.  We  shall,  how- 
ever, briefly  summarize  the  relative  behavior  in  respect  to  range,  cali- 
bration, precision,  and  permanence  of  indications  of  the  instruments 
just  described. 

As  was  pointed  out,  the  Mesur^  and  Nouel  pyrometric  telescope 
can  not  be  considered  an  instrument  of  precision,  although  it  is  service- 
able for  the  approximate  control  of  temperatures  above  800^  C. 
(1470"^  F.),  and  answers  the  requirements  of  many  furnace  operations 
sufficiently  well.  Its  great  advantage  in  practical  use  is  that  it  is 
encumbered  by  no  accessories  whatever. 

The  Mesur6  and  Nouel  instrument  aside,  all  of  the  pyrometers  dis- 

oF6ry:  J.  de  Phys.,  8,  p.  701;  1904. 
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cussed  above  are  capable  of  an  accuracy  of  1  per  cent  in  temperature 
measurement  in  the  ranges  for  which  they  are  adapted  for  use.  The 
ease  with  which  this  accuracy  is  attained  is  not,  however,  the  same  in 
all  cases.  With  the  Wanner  pyrometer,  for  instance,  this  accuracy  is 
not  reached  unless  a  milliammeter  and  rheostat  are  included  in  the 
lamp  circuit,  and  with  the  Holborn-Kurlbaum  and  Morse  instruments, 
although  this  accuracy  is  readily  secured,  it  must  be  shown  that  the 
lamp  used  is  not  undergoing  change  with  continued  use  in  order  to 
maintain  this  accuracy. 

In  distinction  to  the  accuracy  or  absolute  reproduction  of  a  given 
temperature  is  the  precision  or  relative  reliability  of  results.  It  is 
possible  to  control  a  given  temperature  or  measure  temjterature  dif- 
ferences much  more  exactly  than  reproduce  absolutely  any  temperature. 
For  relative  temperature  measurements  the  precision  attainable  is 
better  than  1  per  cent,  except  possibly  for  the  F^ry  absorption  pyrom- 
eter, and  may  be  even  as  good  as  2^  at  1500°  C.  with  the  Holbom- 
Kurlbaum  instrument. 

These  different  pyrometers  as  furnished  by  the  makers  do  not  have 
the  same  temperature  ranges.  For  reading  the  lowest  attainable  tem- 
j)eratures  measurable  optically,  about  600"^  C.  (1100^  F.),  the  instru- 
ments available  are  the  Le  Chatelier,  the  Holborn-Kurlbaum,  and  the 
Morse  and  the  F^ry  mirror  telescope.  The  Wanner  pyrometer  and 
the  F^ry  thermoelectric  telescope  have  their  lower  limit  at  about 
900-  C.  (1650°  F.). 

Regarding  the  upper  limit,  the  Morse  thermo-gage  is  difficult  to 
use  above  1100°  C.  (2000^  F.)  and  the  industrial  form  of  the  F^ry 
thermo-electric  telescope  as  now  made  reaches  1600°  C.  (2900°  F.), 
while  for  all  the  other  instruments  the  upper  limit  is  indefinitely  high 
or  greater  than  temperatures  attainable  in  industrial  practice. 

For  very  high  temperatures,  above  1500°  C,  in  the  region  where 
temperatures  can  only  be  determined  by  extrapolation  in  terms  of 
some  radiation  law,  the  most  reliable  results  will  be  given  by  those 
pyrometei"s  obeying  one  of  these  laws  the  most  exactly.  Thus  instru-  * 
ments  calibrated  in  terms  of  Wien's  law  but  making  use  of  a  red  glass 
which  is  not  monochromatic,  as  the  Le  Chatelier,  the  F^ry  absorption, 
and  also  the  Holborn-Kurlbaum  pyrometer  in  the  region  for  which  the 
absorption  glasses  have  to  be  used,  will  depart  from  the  true  temper- 
ature scale  more  than  the  Wanner,  which,  using  strictly  monochro- 
matic light,  will  obey  Wien'^s  law  if  the  reading  circle  is  correctly 
graduated  and  set,  although  the  former  instruments  will  each  give  an 
arbitrary  temperature  scale  consistent  with  itself.     The  F^ry  thermo- 
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electric  telescope  with  fluorite  lens  calibrated  directly  in  terms  of 
Stefan's  law  should  agree  with  the  photometric  pyrometers,  as  Wien's 
and  Stefan's  laws  have  been  found  experimentally  in  accord  at  the 
very  high  temperature  of  2000^  C/* 

Regarding  the  ease  of  calibration  and  its  control,  the  Wanner  pyrom- 
eter and  the  F6ry  thermoelectric  telescope  with  fluorite  lens  are  per- 
haps the  simplest,  requiring  only  a  single  known  temperature.  Two 
temperatures  are  all  that  are  required  to  calibrate  the  Le  Chatelier 
and  F^ry  absorption  pyrometers,  and  although  several  points  are  nec- 
essary for  the  complete  graduation  of  a  Holborn-Kurlbaum  or  Morse 
pyrometer,  two  temperatures  are  all  that  is  necessary  if  the  instrument 
is  to  be  used  in  a  small  temperature  range.  The  user  of  an  instru- 
ment, however,  if  he  has  a  calibration  table  does  not  have  to  concern 
himself  with  this  matter  unless  he  has  reason  to  suppose  the  instru- 
ment to  be  out  of  order. 

The  production  of  a  recording  optical  pyrometer  has  not  been 
announced  as  yet  by  any  maker,  but  it  would  be  a  simple  matter  to 
render  either  form  of  the  F^ry  thermoelectric  telescope  recording 
since  the  indications  are  given  by  a  pointer  over  a  dial.  The  other 
types  of  pyrometer  probably  could  not  by  any  simple  means  be  made 
into  recording  instruments. 

Special  Problems  in  Optical  Pyrometry. 

Departure  from  hlack  hody  radiation. — Inasmuch  as  optical  pyrom- 
eters are  calibrated  in  terms  of  the  radiation  emitted  by  a  black  body, 
the  temperature  as  determined  by  them  will  depend,  as  we  have  seen, 
on  the  nature  of  the  incandescent  body  observed.  It  is,  therefore,  of 
interest  to  determine  the  amount  by  which  such  indications  differ 
from  true  temperatures.  With  this  object  in  view  we  have  determined 
the  hlach  hody  temperatures  of  a  number  of  substances  at  well-known 
temf)eratures,  as  given  by  the  melting  points  of  pure  metals  and  salts. 

Radiation  from  platinum. — Among  the  substances  studied  was 
polished  platinum,  because  it  deviates  farthest  from  a  black  body,  and 
thus  gives  an  idea  of  the  maximum  difference  to  be  expected.  In  these 
experiments  for  determinations  up  to  1500^  C.  use  was  made  of  a  Joly 
meldometer*  and  a  Holborn-Kurlbaum  optical  pyrometer.  ¥ov 
experiments  at  the  melting  point  of  platinum  a  platinum  strip  about 
5  cm  long  and  4  mm  wide  was  cut  narrow  at  the  center,  so  that  the 
optical  pyrometer  could  be  focused  on  the  exact  spot  at  which  the 

«Luminerand  Pringeheim:  Verb.  d.  Deutsch.  Phys.  Ges.,  (5)  1,  p.  3;  1903. 
ft  Joly:  Proc.  Roy.  Irish  Acad.,  2,  p.  38;  1891. 
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strip  melted.  The  electric  current  through  the  strip  was  slowly 
raised  until  the  strip  fused,  and  the  reading  of  the  optical  pyrometer 
at  this  instant  gives  the  black  body  temperature  corresponding  to  the 
melting  point  of  platinum  (1780-  C.)  for  the  particular  color  of  light 
used.  The  results  of  these  experiments  are  given  in  the  following 
table,  for  red  (A.=0.()51  //),  green  (A.=0.550  //),  and  blue  (A.=0.474  /i) 
light. 


The  black  bodi^  temperature  of  platinum  at  its  melting  point. 

Date. 

Num- 
ber 
lamp 

used  m 
H-K 

pyrom- 
eter. 

Black 
body  tem- 
perature 
for  red 

1 

Number 
lamp 

T\»*^     used  m 
Date.      „_K 

Black     ; 
body  tem- 
perature 
for  j?reen 

t 

Date. 

Number 
lamp 

used  m 
H-K 

1 
Black 
body  tem- 
perature 
for  blue 

~ 

light. 
A  =0.651// 

pyrom- 
'>    eter. 

li>?ht. 

pyrom- 
eter. 

light 
A =0.474/1  j 

1904. 

1904. 

1904. 

* 

4/13 

156 

1545°C. 

4 18           156 

1570°C. 

4/18 

156 

1618°C.  , 

4/13 

156 

1543 

4,18           156 

1585 

4/18 

156 

1602 

j 

4  13 

156 

156 
1 KA 

1550 
1530 

1  tn-u\ 

4  18  '         156 
1     4. 18           145 

1578 
1577°C. 

4/18 
418 

156 
145 

1606 

4;  13 
4/13 
413 
4,13 
4/14 
4  14 

1625°C.  i 

156       1526 
156       1541 
156       1528 
156  '     1547 

4  18           145       1577 
4  18           145  '     1561 
4 18           145       1577 

4  18           132       1591^0. 
4  18           132       1587 
4  18           132       1576 
4  18           132       1570 

4/18 
4  18 

< 

418 
4,18 

145 
145 
145 
145 

1605 
1607 
1609 
1621 

1 

156 

1 

Fmal  mean 

1 

Mean. 

1537^0. 
1550°C. 

.  1612^C. 

1 

4  14 

145 

; 

4  14 

145        156U 

Final  mean 1577*»C.  , 

■ 

Mean. 

145 

1555°C. 
1540°C. 

1 

1 
1 

! 

4  14 

132 

1 

4  14 

132       1550 

1 

1 

4  14 

132       1533 

1 

■ 

4  14 

132       1542 

1 
1 

4  14 

132 
132 

1548 

■ 

Mean. 

1543*»C. 

1 

Final  1 

ii€«ui  ....   1541°C. 

A=239° 

C." 

A=203°C.« 

A=168*»C.« 

oA=r— .S;  where  r=abe,  temperature  and  /9= black  body  temp^atiire. 
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The  radiation  from  platinum  at  lower  temperatures  was  studied  by 
fixing  the  temperature  of  the  platinum  strip  of  the  Joly  meldometer  by 
means  of  known  melting  points  in  the  usual  way,  by  placing  a  minute 

Rcidiation  from  plat inum . 


Red  A  =  0.651  fjL.                        ' 

Green  A  =  0.550  /n. 

Blue  A  =»  0.474/1. 

Tempera- 
ture centi- 
grade. 

Date. 

No.  of 
lamp 

used  in 
H-K 

pyrom- 
eter. 

1 

Black  body 
tempera- 
ture. 

Date. 

No.  Of 
lamp 

used  in 
H-K 

pyrom- 
eter. 

Black 
body  tem- 
perature. 

1 

!  Date. 

No.  of 

lamp 

used  in 

H-K 
pyrom- 
eter. 

Black 
body  tem- 
perature. 

loOO^C. 

(M.P.ofPd.) 

1904. 

4/12 
tt 

.  it 

it 

li 

4/14 
ti 

4/11 

145 
it 

132 

it 

156 
145 
156 
132 
145 

Mean  = 

1384°  C. 

1368 

1384 

1870 

1368 

1378 

1383 

1865 

1365 

1904. 

4/18 
it 

ti 

ti 

156 
it 

145 
It 

Mean  = 

1402OC. 
1402 
1410 
1398 

1904. 

4  18 
tt 

ti 

(1 

1 

• 

1 

1 
1 

156 

it 

145 
ti 

Mean  = 

14340  c. 
1423 
1430 
1419 

1403°  C. 
A=»7o  C. 

• 

14260C. 
A  =  74ot'. 

1374°  C. 

1816°  i\ 

4/15 

132 
156 

Mean  = 

1208OC. 
1210 

4/16 

It 

132 

156 

Mean  = 

12330  c. 
1*233 

1     4/15 
ti 

132 
156 

Mean  = 

12690C. 
1244 

12090  c. 
A=106O€. 

12330  c. 
A=82o  t\ 

12560C. 
A  =  690  c. 

1 

1216°  C. 

4/15 

it 

132 
156 

Mean  = 

11220  (;.    ' 

1117 

415 

it 

4/14 

ti 

4/15 

It 

182 
156 

Mean  = 

11350  c. 
1138 

1 

11190  c. 

A -96°  C. 

11360C. 
A  =  79  C. 

1 

1 

1 

1064O  C. 

M.  P.  of  Au. 

411 

tt 

3/23 

414 
tt 

it 

3/23 

It 

ti 

156 

145 

156 

132 

145 

156 

f    Witii 

Wanner 

pyrom- 

[    eter. 

Mean  = 

969°  C. 

967 

978 

978 

973 

980 
f    970 

971 
1    974 
I    972 

132 

156 

ii 
t  i 
tt 

9870C. 

985 

985 

987 

982 

1 

Mean  = 

98oOC. 
A=79i'. 

1 

978°  C. 
A=91ot'.   1 

1 

78!2  C. 

4/11 

it 

4/11 

it 

it 

145 
132 

Mean  = 

714°  C. 
720 



M.P.ofNaCl 

717°  C. 
A=66oC. 

1 

1            728  i\ 

(M.P.ofKBr.) 

146 
132 
166 
132 
156 
145 

Mean  = 

660°  C. 

665 

662 

670 

670 

671 

1 

1 

666°  C. 
A=670€. 
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specimen  of  the  metal  or  salt  on  the  strip  and  slowly  increasing  the 
heating  current  until  the  specimen  was  observed  to  melt,  when  the 
length  of  the  ytrlp  was  determined  by  the  electric  contact  micrometer 
screw  and  the  current  regulated  to  maintain  this  length  (and  therefore 
the  temperature)  constant  throughout  a  series  of  observations  with 
the  optical  pyrometer.  A  second  determination  of  the  melting  point 
was  always  made  with  the  meldometer  at  the  end  of  every  series  of 
observations. 

The  black  body  temperatures  of  polished  platinum  at  1500°  C, 
1064°  C,  782°  C,  and  723°  C,  as  fixed  by  the  melting  points  of  Pd,« 
Au,  NaCl,  and  KBr,  and  at  1315°  C.  and  1215°  C,  as  fixed  by  the 
observed  length  of  the  meldometer  strip,  are  given  in  the  table. 

The  results  of  all  the  experiments  on  platinum  are  best  shown 
graphically  in  tig.  15,  where  for  comparison  we  have  added  the  results 
obtained  by  Holborn  and  Kurlbaum*  for  red  light  by  a  somewhat 
different  method. 


o  The  melting  point  of  Pd  is  uncertain,  and  1525°  C.  is  perhaps  a  better  value  than 

the  one  we  have  taken  (1500°  C.  )•    The  value  for  this  point  as  obtained  by  Holbom 

and  Wien  is  1587°  C.  (Wied.  Ann.  50,  1895)  by  extrapolation  of  the  thermoelectric 

relations,  but  is  certainly  too  high  as  they  determined  the  gold  point  8°  too  high. 

Violle  found  1500°  C.  by  the  specific  heat  method,  which  also  gave  the  Pt  fusing  point 

as  1780°.    Callendar  (Phil.  Mag.,  48, 1899)  with  Eumorfopoulos  found  1530°  C.  and 

1550°  C.  by  the  expansion  and  resistance  of  platinum  respectively.    Taking  the  Pd 

point  as  1525°  C.  gives  in  fig.  11  a  value  of  A=150°  C.  from  our  observations  so  that 

the  T  vs.  T-8  curve  would  then  have  no  abrupt  turn  as  the  platinum  point  is 
approached. 

&  Holborn  and  Kurlbaum:  Ann.  d.  Phys.,  10,  p.  225;  1903. 
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The  black  body  temperature  of  the  melting  point  of  platinum  for 
red  light  as  found  by  these  observers  is  1545°  C.  (A =235°)  which  is 
in  most  satisfactory  agreement  with  the  results  found  by  us,  which  is 
1541°  (a =239°),  obtained  by  the  same  method  of  experiment. 

Our  results  would  seem  to  indicate  that  the  values  of  A  increase 
somewhat  less  rapidly  with  rise  in  temperature  than  is  indicated  by 
the  results  of  Holborn  and  Kurlbaum.  These  differences  may  arise 
from  several  causes.     The  meldometer  strip  is  probably  at  a  slightly 


Fio.  15.~Radiation  from  platinum. 

higher  temperature  than  indicated  by  the  melting  point  calibration 
and  by  an  amount  which  is  probably  greater  at  high  temperatures. 
This  would  tend  to  make  the  Value  of  A  small  at  high  temperatures. 
In  the  experiments  of  Holborn  and  Kurlbaum  the  platinum  was  in  the 
form  of  a  cylinder  surrounding  a  thermocouple.  It  is  thus  possible 
that  the  couple  was  at  a  slightly  higher  temperature  than  the  outer 
radiating  surface  of  the  platinum,  which  would  tend  to  increase  the 
values  of  A,  especially  at  high  temperatures. 
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In  order  to  pass  through  the  platinum  point  (A  =  239^,  red  light)  a 
very  sudden  bend  in  the  curves  is  necessary  (but  see  note  on  p.  246). 
No  evidence  is  yet  at  hand  to  explain  whether  this  can  in  any  way 
be  associated  with  a  decreased  radiating  power  of  a  substance  as  it 
approaches  a  change  of  state. 

It  will  also  be  seen,  as  has  been  previously  shown,  that  platinum 
approaches  more  nearly  to  black-body  mdiation  for  green  and  blue 
than  for  red  light. 

Radiation  from  other  8t(hstan<^€S. — Experiments  were  made  on  a 
number  of  other  substances,  including  clay,  copper  and  iron  oxides, 
and  unglazed  porcelain  to  determine  the  departure  of  these  bodies,  at 
various  temperatures,  from  black-body  radiation.  Another  method 
of  experiment  was  here  nece.ssary,  as  it  is  not  possible  to  accurateh' 
fix  the  temperature  of  oxidizable  substances  by  the  meldometer  method. 
The  method  used  will  be  understood  from  the  foUowing  diagrammatic 
sketch,  fig.  16. 
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Fig.  16.— Fumare  method  of  studjing  radiation. 

The  radiating  substance  is  placed  at  the  center  of  an  electric  furnace. 
The  radiations  emitted  by  the  substance  under  these  conditions  is  a 
very  close  approximation  to  black-body  radiation,  and  its  temperature 
as  measured  by  the  optical  pyrometer  will  be  the  true  tempei'ature. 
As  a  further  check  on  the  optical  pyrometer  a  thermocouple  in  con- 
tact with  the  radiating  substance  was  always  read.  A  porcelain  tube, 
open  at  both  ends  and  blackened  on  the  interior,  was  then  thrust  into 
the  furnace,  and  the  radiation  coming  out  of  this  cold  tube,  which  is 
the  radiation  of  that  particular  substance,  was  observed  with  the 
optical  pyrometer.  The  temperature  measured  in  this  way  is  the 
equivalent  black-body  temperature  of  the  substance  for  the  particular 
color  of  light  used.  The  tube  was  then  quickly  withdrawn  and  another 
measurement  taken  of  the  true  temperature.  There  was  alwa3s  a 
slight  cooling  due  to  insertion  of  the  tube,  which  was  allowed  for  by 
taking  the  observations  in  the  order  indicated  above.  The  results  of 
these  experiments  giving  the  departure  from  black-body  i-adiation  are 
given  on  page  250. 
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The  experiments  at  the  melting  point  of  copper  were  carried  out  in 
a  mianner  similar  to  those  at  the  melting  point  of  platinum.  A  copper 
strip  cut  narrow  at  the  center  was  observed  with  an  optical  pyrometer 
at  the  instant  it  was  fused  by  an  electric  current.  The  temperature  of 
melting  was  assumed  to  be  1065^  C,  corresponding  to  the  melting 
point  of  copper  in  an  oxidizing  atmosphere,  and  the  corresponding 
black-body  temperature  was  given  by  the  optical  pyrometer. 

In  order  to  compare  the  ineldameter  ^nethodyfith  the Jkmace  method 
we  determined  the  departure  of  platinum  from  black-body  i-adiation 
by  both  methods.  The  agreement  is  even  better  than  we  have  any 
right  to  expect;  thus,  at  950^  C,  the  furnace  method  gave  74^  C.  and 
the  meldometer  method  (by  interpolation)  75^  C.  as  the  difference 
between  the  true  temperature  and  the  black-body  temperature  of 
platinum. 

The  interesting  range  of  iron  and  steel  in  which  hardening  and 
annealing  operations  are  carried  out  is  from  about  600^  C.  to  950^  C, 
and,  as  will  be  seen  from  the  table,  the  indications  of  an  optical  pyrom- 
eter in  this  range,  if  calibrated  in  the  usual  way  in  terms  of  black- 
body  radiation,  will  be  low  by  about  20^  at  the  lower  temperature  and 
about  40^  at  the  upper  temperature. 

The  mdiation  from  the  tine-grained  crucible  seemed  to  be  at  least 
as  black  as  that  from  iron,  which  would  hardly  be  expected.  When 
a  fresh  piece  of  thin  Russian  iron  was  inserted  into  the  furnace  and 
measurements  were  immediately  taken  with  an  optical  pyrometer,  it 
was  observed  that  the  initial  readings  were  some  20^  higher  at  1000" 
C.  than  when  the  oxidation  of  the  surface  was  complete,  which  takes 
two  or  three  minutes. 
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Departure  from  black-body  radiation. 


Temp.  °C. 


730* 


750* 


770* 


790* 


950* 


980* 


1050* 


1065* 


Platinum. 


71 
77 
81 
82 
60 
67 


74*>C. 


Iron  oxide. 


f    20*^1 


20** 
26 
r  20**  1 
21 
22 
26 
23 


28**  C. 


r  43*»i 

43 
46 
53 
45 


46*>C. 


Fine-grain 
Battereea 
crucible. 


Copper 
oxiae. 


{ ::)  -^ 


54*»C. 


^370 

50 
33 
37 
43 
43 
30 


89**  C. 


Unglazed 
porcelain. 


80**  C. 
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Polarized  light  frain  mcatnlt'sceut  surfaces. — Arago  was  among  the 
first  to  observe  that  the  light  emitted  by  incandescent  surfaces  was 
partially  polarized,  the  amount  of  polarized  light  varying  widely  for 
different  substances,  and  increasing  with  the  angle  at  which  the  sur- 
face was  viewed,  being  71  il  in  a  direction  normal  to  the  surface.  Pre- 
vostaye  and  Desain,  and  Magnus,  showed  that  the  infra  red  waves  are 
also  polarized  in  the  same  plane  as  the  light  waves.  Arago  attributed 
the  polarization  to  refraction,  near  the  surface,  of  the  light  coming 
from  molecules  below  the  surface. 

Millikan,"  who  has  done  the  most  complete  work  in  this  field,  has 
pointed  out  that  this  view  of  Arago  fails  to  explain  why  the  light 
coming  from  platinum  near  grazing  emergence  is  practically  com- 
pletely polarized,  for  such  light  must  to  a  large  extent  be  surface  light. 
His  experiments  indicate  that  the  polarization  is  a  phenomenon  of 
refraction,  and  that  all  the  light  suffers  refraction  at  the  surface. 
Millikan  has  examined  the  amount  of  polarization  in  the  light  emitted 
by  a  large  number  of  substances.  The  phenomenon  is  most  marked 
in  platinum,  silver,  and  gold,  and  is  very  feeble  in  the  readily  oxi- 
dizable  substances,  such  as  iron,  and  in  such  substances  as  glass  and 
porcelain.     It  is  quite  marked  for  iron  in  the  molten  state. 

Our  experiments  have  been  made  mainly  with  a  view  to  determining 
the  amount  by  which  this  phenomenon  could  influence  the  indications 
of  optical  pyrometers  that  make  use  of  polarizing  devices  to  adjust  to 
equality  the  light  from  the  incandescent  body  observed  and  from  the 
standard  comparison  light. 

In  the  experiments  on  platinum  the  temperature  of  the  horizontal 
strip  of  a  Joly  meldometer,  maintained  constant  by  regulating  the 
electric  heating  current,  was  measured  with  a  Wanner  optical  pyro- 
meter, which  employs  polarizing  devices.  To  eliminate  the  effect  of 
the  sag  of  the  strip  the  readings  were  taken  with  the  pyrometer  in 
four  positions  at  right  angles.  For  each  temperature  the  measure- 
ments were  made  at  different  angles  with  the  normal  to  the  surface. 
In  rotating  the  pyrometer  the  portion  of  the  radiating  strip  viewed 
was  slightly  changed,  but  an  examination  of  the  strip  showed  that 
the  heating  was  very  uniform,  the  variations  not  exceeding  4^  over  a 

^'Millikan:  Phys.  Rev.,  8,  pp.  81,  177;  1896. 
5834— No.  2—05 ^9 
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distance  of  2  cm.     The  results  of  the  measurements  on  platinum  are 
^ven  in  the  following  table: 


PT^ATINl-M  AT  1450°  C. 

Angle  at  which 

incandescent 

purfaee  is 

\iewed. 

Popition  of  elit 

of  mTometer 

with  reference 

to  incandescent 

strip. 

Mean  reading 
Wanner  pyro- 
;           meter. 

63 

Maximoni  A  for  two  posi- 
tions of  slit  at  right  angles. 

30° 

0° 

-h 

64.6 

3. 3  div8.0:34° 

30° 

4- 

66.3 

50° 

f^ 

61.9 

0° 

-h 

66.0 

7. 6  div8.OS0° 

50° 

-> 
^ 

69.5 

70° 

t^ 

60.8 

I 

0° 

-I- 

64.9 

8. 4  div8.O90° 

70° 

69.2 
iTINl'M  AT  1150°  r. 

PL^ 

50° 

ti 

23.0 

0° 

24.  5 

2.  8  div8.022° 

50° 

25.  H 

• 

From  the  above  table  it  will  be  .seen  that  if  the  temperature  of  a 
platinum  surface  is  measured  with  a  polarizing  pyrometer  large  errors 
may  result  if  the  effect  of  polarized  light  is  neglected.  Thus,  if  the 
surfai'e  be  viewed  at  an  angle  of  50^  with  the  normal,  two  readings 
may  be  obtained  differing  from  one  another  by  80°  C.  at  1450°  C, 
i.  e.,  the  reading  may  differ  from  the  actual  temperature  by  40°  or 
thereabouts. 

As  the  light  emitted  in  a  direction  perpendicular  to  the  surface  is 
not  polarized,  this  source  of  error  can  always  be  avoided  by  viewing 
the  surface  normally.  For  most  substances  on  which  optical  pyrome- 
ters are  used  in  industrial  operations,  the  amount  of  polarized  light  is 
very  feeble  compared  with  platinum,  so  that  its  effect  is  entirely  negli- 
gible. In  some  experiments  where  the  incandescent  surface  of  iron 
was  viewed  at  an  angle  of  75°  the  effect  was  less  than  5°  C.    In  any  case, 
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the  effect  may  be  eliminated  by  taking  readings  in  four  azimuths  at 
intervals  of  90^. 

Effect  of  diffuse  and  reflected  light. — The  ordinary  diffuse  daylight 
or  light  from  other  sources  which  is  not  reflected  directly  into  the 
pyrometer  exerts  a  comparatively  negligible  effect  on  the  indications 
oif  these  instruments,  not  exceeding  5^  C.  for  a  change  from  a  dark- 
ened room  to  bright  daylight. 

The  magnitude  of  the  effect  of  directly  reflected  light  is  very  vari- 
able, depending  upon  the  reflecting  power  of  the  incandescent  body 
observed,  and  on  the  tempemture,  size,  and  location  of  the  disturbing 
sources.  With  a  good  reflecting  surface  like  polished  platinum,  which 
remains  a  good  reflector  at  high  temperatures,  the  effect  may  be  very 
great,  while  with  a  substance  like  iron  (oxide)  it  is  very  much  less  for 
the  same  surrounding  sources  of  light.  Again,  the  greater  the  differ- 
ence in  temperature  between  the  object  viewed  and  the  disturbing 
light  the  greater  will  be  the  effect. 

Some  of  the  effects  noted  with  platinum  were  as  follows:  A  plati- 
num strip  at  800^  C.  had  its  temperature  apparently  increased  15^  C. 
by  direct  reflected  light  from  an  incandescent  lamp,  120^  C.  by  a  large 
gas  flame,  and  with  the  strip  mounted  within  a  ring  of  gas  flames  an 
apparent  rise  of  over  300^  C.  was  observed. 

With  a  sheet  of  iron  at  725^  C,  within  the  ring  and  with  the  gas 
flames  burning  low,  a  change  of  35^  C.  was  noted  in  the  indications  of 
the  pyrometer,  while  with  the  flames  burning  brightly  no  measure- 
ments could  be  taken.  When  the  iron  was  at  1100^  C,  however, 
turning  off  and  on  the  flames  made  practically  no  difference  in  the 
temperature  readings. 

The  arrangement  with  the  ring  burner  approximates  a  number  of 
industrial  operations,  where  heating  is  done  by  radiation  from  flames. 
The  above  results  would  seem  to  show  that  even  for  poor  reflectors, 
such  as  iron,  clays,  etc.,  considerable  errors  may  be  introduced  at 
temperatures  below  800°,  and  that  the  error  becomes  small  above 
1100^. 

This  source  of  error  may  be  very  nearly  eliminated  by  viewing  the 
object  through  a  tube  which  cuts  off  most  of  the  light  from  surround- 
ing flames.  Thus  in  the  instance  cited  above  for  iron  the  error  of 
35°  C.  was  reduced  to  5°  C.  by  this  means. 

The  measurement  of  very  high  tempe)*atures. — The  temperatures  that 
have  been  discussed  thus  far  are  within  the  range  controlled  by  thermo- 
couples, calibrated  to  agree  with  the  gas  scale  to  about  1160°  C,  which 
marks  at  present  the  upper  limit  of  satisfactory  gas  thermometry. 
The  thermocouple  scale  is  then  extrapolated  for  500°  or  600°  more. 
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Already  there  are  many  operations,  such  as  those  carried  out  in  the 
Moissan  furnace,  the  Goldschmidt  thermite  process,  the  production  of 
carbides  and  metallurgical  products  in  electric  furnaces,  and  many 
pyrochemical  reactions  that  involve  temperatures  of  2000^  or  over. 
It  therefore  becomes  necessary  to  establish  at  least  some  tentative 
scale  that  can  be  used  at  these  extreme  temperatures. 

Attempts  are  being  made  by  Nernst  and  others  to  estimate  these 
high  temperatures  by  means  of  chemical  phenomena  taking  place  at 
high  temperatures,  but  this  work  is  still  in  a  preliminary  state.  For 
this  purpose,  therefore,  recourse  must  be  had  alone  to  the  extrapola- 
tion of  the  laws  of  radiation  which  have  been  verified  throughout  the 
range  of  measureable  temperatures. 

Lummer  and  Pringsheim"  have  recently  taken  a  single  set  of  obser- 
vations on  an  electrically  heated  carbon  tube  in  an  atmosphere  of 
nitrogen,  using  three  radiation  methods:  Photometric  (Wien's  law), 
spectrophotometric  (A.„^  T=A)^  and  total  radiation  (Stefan's  law),  the 
results  agreeing  to  20^  at  2300  ^  C.  absolute. 

From  our  own  work  it  would  seem  that  the  radiation  laws  are  still 
in  agreement  at  the  temperature  of  the  arc*  Our  measurements  have 
given  as  the  black  body  temperature  of  the  hottest  part  of  the  positive 
crater  3690°,  3680°,  and  3720°  absolute,  as  deteimined  with  the 
Holborn-Kurlbaum,  Wanner,  and  Le  Chatelier  pyrometers,  based  on 
the  extrapolation  of  Wien's  law.  F^ry^gets  for  this  temperature 
3760°  bv  a  method  based  on  Stefan's  law. 

On  the  basis  of  these  experiments  it  would  seem  that  the  several 
laws  of  I'adiation  are  in  quite  satisfactory  agreement  at  the  highest 
attainable  temperatures,  and  thus  serve  to  define  the  same  scale  of 
temperatures. 

«  Lummer  and  Pringsheim:  Verb.  d.  Deutsch.  Phys.  Gee.,  (5)  1,  p.  3;  1903. 
*  Waidner  and  Burgess:  Bulletin  No.  1,  Bureau  of  Standards;  1904. 
cF6ry:  Comptes  Rendus,  184,  p.  977;  1902. 


ON  THE  THEORY  OF  THE  MATTHEWS  AND  THE  RUSSELL 
LEONARD  PHOTOMETERS  FOR  THE  MEASUREMENT 
OF  MEAN  SPHERICAL  AND  MEAN  HEMISPHERICAL 
INTENSITIES. 


By  Edward  P.  Hyde. 


I.  Introduction. 

Much  attention  has  been  given  in  the  last  few  years  to  the  develop- 
ment of  photometers  designed  for  the  measurement  of  mean  spherical 
and  mean  hemispherical  intensities  of  light  sources.  Among  other 
instruments  of  this  type  that  have  appeared  may  be  mentioned  par- 
ticularly the  two  instruments"  designed  by  Matthews,  and  the  more 
recent  instrument*  of  Leonard,  based  on  theory  first  given  by  Russell.^ 
In  each  of  these  photometers  mirrors  are  employed  in  order  to  pro- 
ject upon  the  photometer  screen  light  emitted  by  the  source  at  various 
inclinations  to  the  vertical  axis,  but  in  each  instrument  a  different 
method  is  used  for  weighting  the  light  from  each  mirror,  so  that  in 
the  summation  the  light  from  each  mirror  shall  be  diminished  in  pro- 
portion to  the  area  of  the  zone  in  which  the  mirror  lies  and  for  which 
it  is  supposed  to  give  the  mean  value. 

In  the  Matthews  integrating  photometer  for  incandescent  lamps  the 
light  from  each  mirror  falls  upon  the  screen  at  an  angle  of  incidence, 
90^—^,^  which  is  the  same  as  the  angle  between  the  horizontal  direc- 
tion and  the  line  joining  the  mirror  in  question  with  the  light  source. 
The  area  of  a  zone  of  latitude  90^—^  is  proportional  to  sin  6^  and  the 
intensity  of  illumination  produced  by  light  incident  at  angle  90"^—^  is 


«  Trans.  Amer.  Inst,  of  Elec.  Eng.,  18,  p.  677,  1901;  ^2^  p. 
''L'fe'lairage  illectrique,  40,  p.  128,  1904.  '^ 


1465,  1902. 


<^  Jour.  Inst,  of  Elec.  Eng.,  82,  p.  631,  1903. 

''In  order  to  make  the  use  of  **0"  in  this  connection  consistent  with  its  subsequent 
use  in  the  paper,  it  is  necessary  to  denote  the  angle  of  incidence  by  "90°—©"  ihstead 
of  by  **©.»' 
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cut  down  in  the  ratio  of  l:sin  0;  therefore,  the  light  from  each  mirror 
produces  an  illumination  of  the  screen  proportional  to  the  area  of  the 
zone  in  which  the  mirror  lies,  and  hence  receives  its  proper  weight  in 
the  summation.  In  the  integrating  photometer  for  arc  lamps,  how- 
ever, the  light  from  each  mirror  is  incident  upon  the  screen  at  the 
same  angle,  but  between  the  screen  and  the  circle  of  mirrors  is  inter- 
posed a  circular  glass  disk  divided  into  as  many  sectors  as  there  are 
mirrors,  and  having  each  sector  so  smoked  that  its  coefficient  of  trans- 
mission is  proportional  to  the  cosine  of  the  angle,  90^—^,  between  the 
horizontal  direction  in  the  plane  of  the  mirrors  and  the  line  joining 
the  light-source  with  the  mirror  to  which  the  sector  in  question  corre- 
sponds. In  this  way  the  light  from  each  mirror  is  cut  down  in  the  ratio 
of  1 :  sin  ^,  and  therefore  receives  its  proper  weight  in  the  summation 
for  the  mean  spherical  intensity. 

It  is  to  be  especially  noted  that  in  the  theory  of  each  of  the  al>ove 
instruments  the  surface  of  the  unit  sphere  is  divided  into  an  integral 
number  of  zones,  not  of  equal  area,  but  of  equal  arc,  so  that  the  area 
of  each  zone  is  proportional  to  sin  ^,  and  to  each  zone  a  mirror  is 
assigned.  Suppose,  now,  that  instead  of  dividing  the  surface  of  the 
sphere  into  zones  of  equal  arc  we  divide  it  into  zones  of  equal  ai*ea, 
and  in  each  zone  place  a  mirror  in  such  a  position  that  it  gives  the 
mean  value  of  the  intensitv  for  the  zone  in  which  it  lies.  Under  these 
circumstances  the  light  from  each  mirror,  since  it  stands  in  every  case 
for  a  zone  of  the  same  area,  is  to  be  given  the  same  weight  in  the 
summation  for  mean  spherical  intensity,  and  consequently  no  further 
weighting  is  necessary. 

This  principle  is  made  use  of  in  the  instrument  of  Leonard,  though 
it  was  Russell  who  first  suggested  that  in  the  determination  of  mean 
spherical  and  mean  hemispherical  candle-power  by  a  number  of  read- 
ings at  intervals  in  the  vertical  plane,  the  readings  be  made,  not  at 
equal  angular  intervals,  as  is  ordinarily  done,  but  at  intervals  corre- 
sponding to  the  middle  points  of  successive  zones  of  equal  area,  so 
that  the  unweighted  arithmetical  mean  of  the  various  readings  may  be 
taken  as  the  mean  spherical  intensity  of  the  source. 

It  was  the  original  intention  of  this  paper  to  present  a  more  com- 
plete theoretical  discussion  of  the  Matthews  integrating  photometer's, 
particularly  of  the  instrument  intended  for  incandescent  lamps  and 
sources  of  like  intensity,  as  it  was  in  connection  with  the  design  of 
such  an  instrument  for  the  Bureau  of  Standards  that  this  investiofation 
was  undertaken.  Since,  however,  the  Russell-Leonard  instrument 
may  be  treated  in  an  entirely  similar  manner,  we  shall  conclude  the 
paper  with  a  brief  theoretical  discussion  of  this  new  type  of  photo- 


HTDK.]  INTEGRATING   PHOTOMETERS.  257 

meter,  as  applied  both  to  arc  lamps  and  to  incandescent  lamps  and 
sources  of  like  intensity. 

In  the  theoretical  discussion  of  the  Matthews  integrating  photom- 
eter for  incandescent  lamps,  as  given  by  Professor  Matthews  before 
the  American  Institute  of  Electrical  Engineers,  the  assumption  is 
implicitly  made  that  eleven  pairs  of  mirrors  placed  every  15°  (the  two 
end  pairs  at  0°  and  180°  being  omitted)  will  yield  a  value  of  mean 
spherical  candle-power  which  will  agree  with  the  true  integral  solution 
to  within  a  negligibly  small  error.  Earlier,  in  describing  his  integrat- 
ing photometer  for  arc  lamps.  Professor  Matthews  makes  a  definite 
statement  to  this  effect,  and  adduces  as  evidence  values  computed 
from  the  hypothetical  intensity  curve 

I^^Io  sin  6 

Thus,  starting  with  the  two  equations  for  the  mean  spherical  candle- 
power,  the  exact  integral  equation 

1  C^ 


and  the  approximate  equation 


-2" 
2?i    0 


Aw=?r-2''^o  sin  6 


he  computes  first  the  true  mean  spherical  candle-power  for  the  dis- 
tribution I^—Iq  sin  6  by  integration,  as  follows: 


^rm 


=1  Vu  sin  ede=^  pin  '6  d  6 


=  .785/^=78.5  when  1^=100. 
He  then  computes  the  approximate  value  from  the  expression 

for  71=12  and  6^=0°,  15°,  30°,  ....  180°,  obtaining  as  before 

j?^=.785  j^^78.5. 

As  a  result  of  this  agreement  between  the  integral  and  the  summa- 
tional values,  the  conclusion  is  drawn  that  a  mirror  every  15°  is 
entirely  suflScient  to  give  an  approximate  value  which  will  differ  from 
the  true  value  by  a  negligibly  small  error.  Now,  although  it  is  per- 
fectly allowable  to  apply  results  obtained  from  a  hypothetical  intensity 
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curve  to  actual  intensity  curves  agreeing  more  or  less  closely  with  it, 
it  can  not  be  assumed  that  because  the  integral  and  summational  values 
agree  quite  closely  for  one  form  of  intensity  curve  that  the  same  agree- 
ment can  be  expected  in  the  cases  of  intensity  curves  of  different 
forms.  In  fact,  as  will  be  shown  later,  there  is  an  error  of  over  2  per 
cent  entering  when  we  apply  the  above  sunmiational  expression  to  the 
intensity  curve 

I$=^Io  cos  0, 

In  the  second  place  it  is  interesting  to  note  that  the  hypothetical 
intensity  curve  which  happened  to  be  chosen  in  order  to  show  that 
eleven  mirrors  are  sufficient  to  give  a  summation  very  close  to  the 
integral  value,  will  show  equally  well  that  any  number  of  mirrors 
whatever,  arranged  at  equal  angular  intervals  beginning  at  ^=0**  and 
ending  at  ^=?r  will  give  absolutely  the  true  result.  This  follows 
from  the  equation 

2  sm*  — =^ 

,         n        2 

m=l 

which  can  be  proved  as  follows: 

In  order  to  get  rid  of  the  square,  put 

1— cos 


Then  the  sum 


sm*  —  = r =t:—  ^-cos 

n  2  2      2  n 


2  sm*  -     =  T.  —  Ti  2  cos 


For  convenience,  put  <l>—  —  so  that 

n 


cos =  cos  fri(p 

n 


We  shall  now  evaluate 


m=-n 


2  cos  in 4 


Introducing  the  complex  expression 

cos  m(ff-\-l  sin  in(l>=^^ 
we  have 

m.=n  m=n 

2  COS  vt(f>  =  real  part  of  2^^"** 

m— 1  m=l 
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Now  the  sum  of  the  geometric  series 

m-/i  \^Jn^ 


m=i 


l-d'> 


/  ^    >A  L  •  «:«  ^\  1— COS  7)<l>—i  sm  n^ 
=(cos  0+*  sm  0)    ^ ^—  .-  .  — -j.- 

1— COS  0— *  sm  0 
the  real  part  of  which  reduces  to 

cos  ^+cos  n(p — cos  {n-\- 1)  ^— 1 
^1  -  cos"^)"" 

If,  now,  we  put  for  ^  its  value,  — ,  we  obtain 

n 


real  part  of  2 ^"^=2  cos =0 


m=i  m  =  i  ^ 


Therefore, 


^sm'    - — ^-^  -^  cos-— -o 


From  this  it  follows  that 


In.=  "  Tl  sin'  ^=/  X^  /,=  .785  /„=78.5 


Hence  we  see  that  if  we  should  divide  the  sphere  into  but  two  zones, 

placing  a  single  mirror-pair  at  ^=90^,  we  would  still  obtain  exactly  the 

true  integral  value  for  an  intensity  curve  of  the  form  7^=7^  sin  0^  so 

that  no  detinite  information  with  regard  to  the  necessary  number  of 

mirrors  can  be  obtained  from  the  consideration  of  this  intensity  curve 

alone. 

II.  General  Theory. 

We  shall  now  pass  on  to  a  more  complete  discussion  of  the  problem 
of  the  number  of  mirrors  and  their  positions  on  the  arc,  with  par- 
ticular reference  rather  to  the  integrating  photometer  for  incandescent 
lamps  than  to  the  instrument  intended  especially  for  arc  lamps,  since, 
as  stated  above,  it  was  in  connection  with  the  design  of  an  instrument 
of  the  former  type  for  the  Bureau  of  Standards  that  these  computa- 
tions were  made. 

Returning  to  the  two  equations  for  the  integral  and  the  approximate 
sunuuational  values  of  the  mean  spherical  intensity, — 


(1)  /m,  =  i/Asin<? 


de 
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to  which   may   be   added   the   corresponding  expressions  for   mean 
hemispherical  intensity, — 


(3)  Inu..  =  p^  r,  Mn  B 


tie 


w 

(4)  4^-^:^^'/,sin^ 


''         o 


we  note  that  the  underlyinj^  assumption  in  passing  from  the  integral 
to  the  summational  expression  is  that  for  each  zone, 


TT 

n 


(5)  I0  sin  ^= constant 

or,  what  amounts  to  the  same  thing,  that  0,^  has  been  so  chosen  for 
each  zone  that  /«„  sin  6,^  gives  the  mean  value  of  h  sin  6  for  that  zone. 
Suppose,  then,  that  from  a  previous  decision  with  regard  to  the  gen- 
eral dimensions  of  the  instrument  to  be  constructed  the  number  of  mir- 
rors is  determined,  the  problem  consists  in  so  arranging  the  mirrors 
that  each  mirror  produces  an  iUumination  of  the  screen  that  in  a  way 

gives  the  mean  for  the  respective  zone,      ,  in  which  it  lies.     Thus  we 

divide  the  semicircumference  into  n  equal  arcs,  — ,  and  to  each  arc 

n 

we  assign  a  min'or.  This  mirror  should  be  placed  in  its  arc  in  such  a 
position  that,  so  far  as  possible,  it  will  produce  on  the  screen  the  mean 
illumination  of  the  arc.  Of  course  the  arrangement  of  the  mirrors 
would  in  general  be  different  for  each  different  intensity  curve,  but 
we  seek  to  determine  which  arrangement  of  mirrors  will  most  nearly 
satisfy  all  the  more  ordinary  fonns  of  intensity  curves  with  which  we 
have  to  deal  in  the  photometry  of  incandescent  lamps  and  sources  of 
like  intensity,  such  as  the  Nernst  lamp.  Obviously,  in  general  it 
would  be  undesirable  to  place  the  mirrors  at  the  divisions  between 
successive  zones.  This,  however,  is  what  the  arrangement  in  the 
Matthews  instrument  as  ordinarilv  constructed  would  amount  to  if  we 
attempted  to  use  it  for  the  determination  of  mean  hemispherical  inten- 
sities, as  the  horizontal  mirrors  would  be  giving  the  illumination  of 

the  zone  ^=90^  to  ^=90^—  —.      When  used  for  mean  spherical  deter- 

n 
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minations  it  would  seem  that  the  same  objection  could  be  urged,  because 
of  the  two  end  mirrors  at  6=0^  and  6=7r;  but  in  this  case  we  can 
assume  that  each  mirror  gives  the  mean  value  of  the  zone  of  which  it 
lies  in  the  center,  in  which  case  the  illumination  produced  by  each  end 
mirror  would  have  to  be  divided  by  2,  since  it  represents  only  a  half- 
zone.  But  since  at  this  incidence  (90^)  there  is  no  illumination  at  all 
produced  by  these  end  mirrors  in  the  hypothetical  case  of  a  point 
source,  no  error  is  introduced  by  the  incorrect  weighting  of  the  end 
mirrors,  for  in  all  cases  the  effect  is  zero.  (In  fact  these  end  mirrors 
are  left  out  entirely.) 

Let  us  now  take  several  simple,  hypothetical  curves  which  are  more 
or  less  typical  of  the  actual  intensity  curves  of  the  more  ordinary- 
sources,  and  let  us  determine  for  each  the  distribution  of  mirrors 
which  will  give  the  true  mean  spherical  value  for  that  case,  supposing 
the  semicircumference  divided  into  20  zones,  as  that  is  the  number 
of  mirror-pairs  determined  upon  for  the  instrument  under  construction 
at  the  Bureau  of  Standards.  Let  us  then  appl}'  the  true  distribution 
for  each  individual  curve  to  the  other  hypothetical  intensity  curves 
under  consideration,  to  see  how  closel}'  it  satisfies  them;  and,  finall}', 
let  us  see  how  nearly  an  equal  distribution  of  mirrors  satisfies  each 
case,  taking  both  of  the  equal  distributions  (for  20  mirror-pairs)  0*^,  9^, 
18^  ...  .  180^,  and  4i^,  13^-,  22^-  ....  I75i^. 

It  may  be  well  to  call  attention  here  to  the  advantages  gained  by 
dividing  the  semicircumference  into  an  even  number  of  arcs,  and  by 
avoiding  such  a  use  of  fractions  of  an  arc  as  is  made  in  the  Matthews 
instrument  unless  we  assume  the  mirrors  of  that  instrument  to  be  at 
the  divisions  between  the  consecutive  arcs,  as  was  pointed  but  above. 
If  ve  divide  the  semicircumference  into  an  even  number  of  arcs  and 
begin  counting  whole  arcs  at  ^—0^  we  shall  then  have  a  whole  number 
of  arcs  between  6=0^  and  ^=90^.  The  advantage  of  this  is  that  mean 
hemispherical  as  well  as  mean  spherical  candle-power  readings  can  be 
made,  if  in  each  arc  a  mirror  is  so  placed  as  to  give  the  mean  value  foi 
that  arc.  Hence,  since  we  have  divided  the  semicircumference  into 
20  whole  arcs,  and  have  assigned  a  mirror  to  each  arc,  every  distribu- 
tion of  mirrors  which  we  shall  find  in  the  following  investigation  will 
be  equally  applicable  to  both  mean  spherical  and  mean  hemispherical 
determinations.  The  equal  distribution  4i^,  13^^  ....  175^^  also 
will  be  applicable  to  either  mean  spherical  or  mean  hemispherical 
measurements,  but  the  equal  distribution  0^,  9^  ...  .  180",  having 
one  mirror  at  ^=90°,  will  only  be  applicable  to  mean  spherical 
measurements  for  the  reasons  given  above. 

It  may  be  urged  as  a  practical  objection  to  omitting  the  mirror  at 
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6=90^  that  the  adaptability  of  the  instrument  to  horizontal  measure- 
ments is  thus  destroyed.  There  seems,  however,  to  be  no  reason  why 
an  extra  mirror-pair  could  not  be  placed  in  the  horizontal  position, 
keeping  it  covered  during  mean  spherical  determinations.  In  fact,  this 
would  seem  preferable  to  the  constant  removal  and  use  of  the  hori- 
zontal mirror-pair  of  the  spherical  system. 

To  return  to  the  consideration  of  the  different  intensity  curves,  if 
the  limited  number  of  mirrors  is  to  give  the  true  integral  value  for 
any  intensity  curve,  we  must  assume  that  each  mirror  gives  the  mean 
value  of  1$  sin  d  for  the  arc  in  which  it  is  placed.  We  must,  there- 
fore, in  order  to  get  the  true  distribution  of  mirrors,  divide  the 
semicircumference  into  /*  equal  arcs  and  then  find  the  mean  value 
of  le  sin  0  for  each  arc.     If  the  equation  of  the  intensity  curve  is 

(6)  l»=f(0) 

then  the  mean  value  of  le  sin  0  for  an  arc,  - ,  is 

n 

fi.sinede    ff (8) sine de 

mean  [I^  sin  0]  =  -  "" 


/ 


de  "^ 

n 


?) 


(7)  =^  I  f{0)smede 


/•     n 


where  rn  indicates  the  oi-der  of  the  zone  beginning  at  ^=0^. 

If  now  we  were  to  take  the  average  of  all  of  these  means  we  should 
get  the  same  result  as  the  true  total  integral  mean,  which  is 

I  I»aia0d0     -.  „' 
(8)  mean  [/,  sin  0]=^^-^^ =-^  /  /(^  sin  <?  <?  ^ 


\  dB  •'» 

Jo 


In  order,  now,  to  find  the  angular  positions  of  the  mirrors  corre- 
sponding to  the  solution,  we  must  evaluate  the  integral  of  equation 
(7)  for  each  zone  and  then  solve  for  0^  in  the  equation 


(9)  /.„  sin  e^=f{ej  sin  6^=^       f  {8)  sin  Odd 

If  we  placed  the  mirrors  at  the  angles  found,  then  for  that  particu- 
lar intensity  curve  we  would  get  the  true  mean  spherical  intensity. 
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Let  us  now  consider  several  typical  cases: 

CASE   I. 

(10)  h  =  constant = 1 

This  curve  corresponds  approximately  to  the  intensity  curve  of  a 
''flattened  oval"  or  of  a  ''spiral"  filament.  The  integral  solution  is 
[eq.  (8)] 

valueof/asin^=i//(^)«'"^^^ 


mean 


de 


?ii) 


^  J:  fsin  e 

7t  Jo 


2   r         /?1        ^      f^ 
=  -       COS  u        =  -=Q, 

TT    |__  _Jir         TT 


o 


6366 


Fig.  1. 


For  20  mirrors  the  angular  distribution  would  be  [eq.  (9)] 

/,^8in^^=sin#„,=^    I  f{H)HmedeJ~    I  ain  6  d  0 


(m-l) 


n 


(m-l); 


20 


(12) 

from  which 

(13) 


« 


(m-l)20 


^„-sin-  ^  [cos^] 


(m-l)20 


«». 


20 


The  solution  to  this  case  is  given  in  column  III  of  Table  1,  which  is 
self-explanatory.     In  columns  1  and  II  are  given  the  two  equiangular 
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distributions.  In  columns  III,  V,  and  VII  are  given  the  angular  dis- 
tributions of  mirrors  satisfying  cases  I,  II,  and  III,  and  in  columns 
IV,  VI,  and  VIII  are  given  the  angles  through  which  the  mirrors 
must  be  shifted  from  the  middle  points  of  the  arcs  in  order  to  give  the 
true  results  for  cases  I,  II,  and  III,  respectively.  Values  of  angles 
in  the  quadrant  ^=90°  to  ^=180^  are  merely  the  supplements  of 
those  given  in  the  table,  and  are  hence  omitted. 


CASE  II. 


(U) 


/#=2  a  sin  ^=sin  6 


This  curve  corresponds  approximately  to  the  intensity  curve  of  a 
''hairpin"  or  "horseshoe"  filament.    The  integral  solution  [eq.  (8)]  is 


mean 


[/(,8in  ^]=i  {j\e)  sin  B  d  ^=]^  Jsin«<9  d  6 


=^r*~^'"  <9cos  0T=^X  1=0.5000 


For  20  mirrors  the  angular  distribution  would  be  [eq.  (9)] 

(15)  /,„ sin  ^„.=8in' 0^=.^^    I  ^^^ e  d  e^^^V B-sm  0  cos  «1  *" 


'20 


'(m-1)^ 


from  which 


(16) 


^m=sin-*  I 


—I   ^— sin  0  cos  0 


'C 


__m-  - 

n  20 


ri(i.  2. 


i^Mi 
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The  solution  to  this  case  is  given  in  column  V  of  Table  I. 

€ASE   III. 

(17)  U  =^a  cos  (9=oos  6 

This  curve  corresponds  approximately  to  the  intensity  curve  of  a 
Xernst  or  of  a  '* meridian"  lamp. 
The  integral  solution  [eq.  (8)]  is 

IT  ir  ir 

(18)  mean  [/^sin  ^=i  |/(^sin^f/6^=^  rcos6>sin6>^6>=^rsin^^n  ' 

=  -=0.3183 
n 

For  20  mirrors  the  angular  distribution  would  be  [eq.  (9)] 

1        20  r'h 

(19)  7i„,  sin  ^„j=sin  0„^  cos  0^^^  —  -  sin  2  ^,„= —    /   sin  0  cos  Odd 


(m-l) 


20 


4T.„-  * 


"|'«20 


from  which 

(20) 


Fig.  3. 


.    1  .  _,  2or  .  3  .n"^ 


The  solution  to  this  case  is  given  in  column  VII  of  Table  I. 

Having  determined  the  actual  distributions  of  mirrors  for  cases  I, 
n,  and  III,  the  distribution  for  each  case  was  tried  in  the  other  two 
cases,  and  the  two  equal  distributions  were  also  tried  in  each  of  the 
three  cases. 
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Table  I. —  ]'arious  dintrihutious  of  mirrors. 


Equiangaiar 
distributions. 


0° 

9° 

18° 

27° 

:^° 

45° 

54° 
63° 

72° 
81° 
90° 


^ 

13J 
22J 
31  i 


Distribu- 
tion satiBf  y 
ing  (*ase  I. 


4° 
13° 
22° 
31° 


40i°  I  40° 
49 J °  :  49° 
58 J  °  '  58° 
67J°  I  67° 
76 J  °  I  76° 
a5i°  1  84° 


30^ 
29^ 
29' 
28' 
27' 
26' 
24' 
21' 
16' 
48' 


Column  i   Distribu-  j  Column  V 
III  minus  tion  satisfy-     minus 
column  1 1. 1  ing  ca«e  Il.icolumn  II. 
,(/i=sinQ) 


0' 
1' 
1' 

3' 
4' 
6' 
9' 
■14^ 
42' 


'  5° 

j  13° 

1  22° 

i  31° 

,  40° 

I  49° 

I  58° 

67° 

!  76° 

'  84° 


10' 
44' 
37' 

:«' 

31' 
29' 
26' 
23' 
16' 
50' 


-f40' 
-hl4' 
-i.  7/ 

-  3' 

f  y 

V 

-  4' 

-  7' 
-14' 
-40' 


Distribu-      Column 
tion  satisfy-  VII  minuF 
ingcaselll.  colamn  II. 
(/tf=coae) 


4° 

29' 

--  V 

13° 

26' 

4' 

22° 

23' 

7' 

31° 

16' 

14' 

39° 

49' 

-41' 

50° 

12' 

^42' 

58° 

44' 

-14' 

67° 

37' 

7' 

76° 

34' 

^  4' 

85° 

31' 

-^  V 

Table  II. — RemUis  ohiained  by  applying  the  various  distrihutions  ofmirmrs  to  each  of  the 

three  ca^n. 


Case  I... 


Case  II 


Case  III 


Iviuiangular 

(listribu- 
tions  of  mir- 
rors. 


Intensity  curves 
considered. 


In- 
tegral 
solu- 
tions. 


0" 


)    no 


90* 


4r, 

13^ 

•      • 

85J° 


Solu-    Solu-    Solu- 
tion     tion      tion 
of  case  of  case  of  case 


I. 


II. 


III. 


/-=constant=l  ....  .6366    .6353  1  .6373    .6366 
*  '  I  I 

/^=13iA=7  A=0 


/^=2<(8in6=8ine..|  .5000    .5000 

!  A=0 

/^=2acose=co8e..;  .3183    .3157 

A=26 


App.i- 
catioi 
of  equi-| 
angu- 
lar dis- 
tribu- 
tion 0°, 

15°, 
30°,  etc. 
(Mat- 
thews* 8 
case). 


.5000  j  .4990 
A=0  A=l(^ 

.3196  i  .3213 

I 
A=13A=30 


.6388 
A=22 

.5000 
A=0 

.3230 
A=47 


.6368'    .6330 
A=2  A=36 

.5000^    .5000 

A=0  A=0 

I 

.3183 j    .3110 
A=01a=73 


In  Table  II  are  given  the  results  of  applying  the  five  different  dis- 
tributions to  each  of  the  three  intensity  curves  considered.     Column 
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II  contains  the  equations  of  the  intensity  curves  of  the  different  cases; 
column  III  contains  the  true  integral  values;  columns  IV  and  V  give 
the  results  of  applying  the  two  equal  distributions  to  each  of  the  three 
cases;  columns  VI,  VII,  and  VIII  give  the  results  of  applying  the  dis- 
tributions of  cases  I,  II,  and  III  to  each  of  the  three  cases;  and,  finally, 
column  IX  gives  the  results  of  applying  the  equiangular  arrangement 
of  eleven  mirrors  to  each  of  the  three  cases,  in  order  to  see  how  accu- 
rately the  Matthews  photometer,  as  ordinarily  constructed,  gives  the 
mean  spherical  value.  In  each  column  the  differences,  A,  between  the 
values  found  and  the  true  integral  values  are  given. 

From  a  consideration  of  Table  II  it  seems  clear  that  the  distribution 
of  mirroi's  corresponding  to  case  III  satisfies  all  the  cases  most  com- 
pletely, the  greatest  error  being  well  under  0.1  per  cent.  The  equal 
distribution  4^^,  13^^,  ....  175^^,  however,  is  very  satisfactory, 
the  greatest  error  being  about  i  per  cent.  The  equal  distribution  of 
eleven  mirrors  every  15^  (0"^,  15^^,  30°,  ....  180^),  may  give  errors 
amounting  to  over  2  per  cent. 

It  is  impossible,  of  course,  to  take  into  consideration  all  the  actual 
forms  of  intensity  curves  existing,  but  it  would  seem  that  a  distribu- 
tion of  mirrors  which  will  satisfy  the  three  typical  curves  considered 
would  also  satisfy  any  of  the  ordinary  forms  of  curves  with  which  we 
are  familiar  in  the  photometry  of  such  sources  as  incandescent  lamps. 
For  example,  the  empirical  curve  of  the  ''downward  light"  lamp 
coincides  with  the  ellipse 

^=1 


«"     (8.2a)' 

so  closely  that  it  is  scarcely  possible  to  detect  any  difference  between 
the  two  curves  platted  to  the  scale  of  ^=4  cm.  Now  the  tnie  integral 
value  for  the  above  ellipse  is  1.722,  whereas  the  value  obtained  by 
applying  the  distribution  of  case  III  comes  out  1.723. 

Thus  we  see  that  twenty  mirror-pairs  properly  distributed  are 
entirely  sufficient  theoretically  to  give  mean  spherical,  and  at  the  same 
time  mean  hemispherical  candle-power  values  to  within  an  error  well 
under  that  which  could  be  detected  in  making  a  setting  under  the  most 
favorable  conditions. 

III.  General  Theory  of  the  Russell-Leonard  Photometer. 
As  before,  let 

(21)  i»=f{e) 

be  the  equation  of  the  intensity  curve  in  any  vertical  plane  through 
the  source,  assuming  the  surface  of  distribution  of  intensity  to  be  one 
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of  revolution  around  the  vertical  axis,  which  is  taken  as  the  axis  of 
the  lamp  in  every  case. 
Then  the  flux  across  any  zone,  d  6^  of  the  unit  sphere  is, 

(22)  Z,=2  n  I^smOdO 
the  total  flux  is, 

(23)  Z,=  r^n  I^HmOde 
and  hence  the  mean  spherical  intensity  is, 

(^)  ifm=^=\f/,^mede 

Similarly,  the  mean  hemispherical  intensity  is. 


ir 


1      P 


0 


(25)  =jj,sinede 

or,  in  general,  the  mean  intensity  for  any  zone  0^_^  to  ^^  is, 

27r  ItmnOde       /    /,  sinddd 


2;r  sin6de 


'6 


m 


m—i 

If,  now,  we  divide  the  surface  of  the  sphere  into  n  zones  of  equal  area, 
the  mean  spherical  intensity  is  given  by  the  equation 

1    m=n  In  1  /       m 

(27)  4,=  ^  2/;^  =n\  cos  V,^oT^„   /   It^^nOde 

in  which  m  indicates  the  order  of  the  zone,  counting  from  ^=0'',  and 
the  limits  of  integration  for  the  several  partial  integrals  are  the  angles 
corresponding  to  the  circles  of  division  between  the  successive  zones. 
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Suppose,  now,  that  we  place  a  mirror  in  each  of  the  n  zones  and 
let  the  light  from  these  mirrors  fall  directly  upon  the  photometer 
screen.  It  is  evident  that  the  illumination  produced  on  the  screen  is 
n  times  that  which  would  be  produced  by  a  source  having  an  intensity 
in  the  direction  of  the  screen  equal  to  the  mean  spherical  intensity  of 
the  lamp  under  test,  assuming  that  tJie  summational  value  differs  from 
the  true  integral  value  of  the  mean  spherical  intensity  by  a  negligibly 
small  error.  This  error,  however,  depends  greatly  of  course,  as  we 
saw  above,  upon  the  form  of  the  intensity  curve,  but  just  as  in  the 
theory  of  the  Matthews's  instrument,  for  any  one  simple  form  of  curve 
assumed,  it  is  not  difficult  to  determine  the  position  of  each  mirror  in 
its  respective  zone,  so  that  the  intensity  given  by  the  mirror  is  exactly 
equal  to  the  mean  intensity  of  the  zone  in  which  it  lies. 

Thus,  if  we  know  the  intensit}'  curve 

we  determine  0^  for  each  zone,  so  that 

1  1  /  'V 


(28)         4.=yi^j=eos^,„_.-cos^,;  L .^^) ^'-'^' 


m-i 


Then  the  intensity  at  each  angle,  ^^,  will  be  the  mean  intensity  for 
the  respective  zone. 

If,  now,  we  place  a  mirror  at  each  angle,  6^^  as  determined  from 

the  previous  equation,  assuming  the  form  of  intensity  curve,  then  the 
mean  value  of  the  several  intensities  as  given  by  the  various  mirrors 
will  exactly  equal  the  mean  spherical  intensity  of  the  source,  provided, 
of  course,  that  the  source  has  the  same  form  of  intensity  curve  as  was 

assumed  in  the  calculation  of  "^^he  various  angles,  S^, 

IV.   Application  of  the  Russell- Leonard  Photometer  to  Arc 

Lamps. 

As  the  Russell-L^onard  photometer  is  of  the  same  general  form  as 
the  Matthews  arc  lamp  instrument,  with  the  important  point  of  differ- 
ence that  in  the  former  instrument  the  objectionable  smoked  disk  of 
the  Matthews  photometer  is  eliminated,  we  shall  briefly  consider  first 
the  distribution  of  mirrors  which  must  be  made  in  the  Russell -Leonard 
photometer,  in  order  that  in  the  photometry  of  arc  lamps  it  may  yield 
a  summational  result  agreeing  as  nearly  as  possible  with  the  true  integral 
value. 

We  must  first  decide  upon  the  dimensions  of  the  instrument  to  be 
designed,  the  size  and  number  of  the  mirrors,  etc.,  which  will  depend 
to  a  great  extent  upon  the  accuracy  that  we  desire  to  obtain.     We  then 
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divide  the  sphere  into  the  number  of  zones  decided  upon,  determine 
the  limiting  angles  between  the  successive  zones,  and  with  the  use  of 
eq.  (28)  calculate  the  angle,  ^,^,,  for  each  zone  corresponding  to  the 
mean  value  of  the  intensity  for  that  zone,  upon  the  a^^umption  of  the 
polar  equation  of  the  intensity  curve  of  the  arc.  Though  this  equation 
is  not  the  same  for  different  kinds  of  arc  lamps,  or  even  for  different 
vertical  planes  of  the  same  arc  at  any  one  time,  yet  we  can  assume  a 
hypothetical  curve  which  will  correspond  more  or  less  closelj"  with  the 
different  curves  met  with,  since  all  the  curves  for  arc  lamps  are  of  the 
same  general  type,  with  a  maximum  at  about  ^=45^  orSO"^  and  falling 
off  rapidly  toward  ^=0^  and  ^=90^^.  If  the  arc  is  surrounded  by  a 
globe  that  scatters  the  light,  the  curve  approaches  more  nearly  to  a 
circle  with  the  sourco  at  the  center,  and  since  any  arrangement  of 
mirrors  within  the  arcs  of  equal  area  will  necessarily  give  absolutely 
the  true  result  for  a  source  having  the  same  intensity  in  all  directions, 
a  distribution  of  mirrors  which  will  satisfy  any  definite  intensity  curve 
will  not  yield  verj'  large  errors  if  that  curve  is  made  to  approach  a 
circle  with  the  source  at  the  center.  Hence,  if  we  were  to  take  the 
typical  curve  for  a  direct-current  open  arc,  and  determine  the  mirror 
arrangement  satisfying  this  case,  the  errors  that  would  arise  on  using 
the  instrument  for  the  Inclosed  arc  would  be  relatively  small;  and, 
moreover,  since  the  instrument  is  symmetrical  with  respect  to  the 
horizontal  direction,  it  would  be  equally  applicable  to  the  alternating- 
current  arc,  whose  intensity  curve  is  approximately  the  same  as  that 
of  the  direct-current  lamp,  except  that  the  distribution  in  the  lower 
hemisphere  is  repeated  in  the  upper  one. 

Let  us  then,  as  a  first  approximation,  assume  that  the  intensity 
curve  is  an  ellipse  with  the  major  axis  inclined  at  45^  to  the  vertical, 
and  with  one  end  of  the  major  axis  coincident  with  the  source  (fig.  4). 


Fig.  4. 

The  equation,  expressed  in  rectangular  coordinates,  is 
(29)  ^^+C=1 


or 
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Now  the  mean  intensity  for  any  zone,  ^m-i""^m9  ^s  given  by  eq.  (26), 


^-*=— 5 — - — W    /  jf^^inOde 


If  we  make  le  equal  to  the  radius  vector  of  the  ellipse  given  by 
eq.  (29),  we  get,  on  transforming  to  the  variable,  g?, 


.CO 
'     m 


C^C\\     T    = ab^'^2 /  cos  ^&?— sin  co  cos  go 

^     ^      "''    cos(45«-ft?„,_i)-"COs  (45«— G7J   /     S^  cos  *(»+«»  sin  *c»    ^^ 


which  on  integration  becomes 

ai'v^2 


CO 


(31)    Jmz-[a'-h']  [cos  (45«-cy^,_,)-cos  (45«-a?J]L  J  J         "*"" 


Ct7- 


I  log  -j  («•-**)  sin«  c»+ J«  i  1 


Cb7 


m— 1 


If,  now,  we  determine  upon  eight  zones,  the  limiting  values  of  0  are 
obtained  by  evaluation  of  the  equations 

^o=cos-'  1=  0^ 

Q — 1  a 4  to 

(^2) 


tf^  =  COB-'  1=    0^ 

6^=cos-'  1=41^  25' 
6',=cos-*  i  =  60^ 
(93= cos-'  i=75^  31' 
^,  =  cos-'  0=90*^ 

from  which  the  limiting  values  of  go  can  be  calculated  from  the  equation 

(33)  (i?=45^-6> 
Moreover  for  eight  zones 

(34)  cos^^-i-cos  (?^=cos(45^-c»^-,)-cos(45^-G7j  =  - 

If ,  now,  we  take  the  semimajor  axis  equal  to  unity,  and  the  semi- 
minor  axis  equal  to  one-third, — a  ratio  quite  closely  in  accord  with 
observation — we  obtain 

(36)       7^=— r3  tan-*  3  tan  co-go-^  log  J  8  sin*  g^+iH 

GO 

m-i 

If  we  evaluate  this  expression  for  each  of  the  eight  zones,  or,  since 
there  is  perfect  symmetry  with  respect  to  the  horizontal  axis,  for  each 
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of  four  zones,  and  then  substitute  successively  the  values  obtained  in 
the  equation 

(36)  ^^=45°  -cos-'g  \-{s/m%M-i) 


mz 


which  is  easily  deduced  from  the  equation  of  the  ellipse,  putting  /J, 
for  the  radius  vector,  we  get  as  the  angles  to  which  the  mean  radii 
vectores  of  the  several  zones  of  equal  area  correspond 

^/  =  28-  51' 
(37)  <9;  =  52-  33' 

^;=67"  23' 
6>/  =  82^  20' 

If,  now,  we  were  to  place  a  mirror  at  each  of  these  angles,  both  above 
and  below  the  horizontal  axis,  but  only  on  one  side  of  the  vertical 
diameter,  then  for  a  source  having  an  intensity  curve  identical  with 
the  assumed  ellipse,  the  mean  value  of  the  intensity  from  the  eight 
mirrors,  obtained  by  dividing  the  sum  of  the  intensities  from  the  mir- 
rors by  eight,  would  exactly  equal  the  mean  spherical  intensity  of 
the  source,  provided,  of  course,  that  the  surface  of  distribution  of 
intensity  is  a  figure  of  revolution  around  the  vertical  axis.  This  is 
never  the  case,  and  since,  in  general,  when  the  maximum  curve  is  on 
one  side  of  the  arc  the  minimum  curve  is  on  the  other  side,  by  placing 
eight  other  mirrors  on  the  other  side  of  the  vertical  diameter  at  the 
same  angles  as  those  already  located,  the  mean  intensity  in  the  com- 
plete vertical  plane  is  obtained,  which  will  be  more  nearly  equal  to 
the  mean  spherical  value  than  the  value  obtained  from  mirrors  on  one 
side  of  the  vertical  diameter  only.  In  order  to  obtain  mean  spherical 
values  of  any  considemble  accuracy  the  mean  of  a  great  number  of 
determinations  of  the  mean  vertical  intensity  must  be  taken. 

In  a  similar  manner  mean  hemispherical  determinations  can  be  made 
if  the  surface  of  the  sphere  is  divided  into  an  even  number  of  zones, 
as  was  pointed  out  above  in  the  discussion  of  the  Matthews  instrument. 

The  typical  curve  of  the  open  arc  does  not  correspond  exactly  with 
such  an  ellipse  as  assumed  in  the  preceding  discussion,  but  the  errors 
in  arc-light  photometry  are  in  other  respects  necessarily  so  large  that 
the  difference  between  the  true  mean  value  for  a  vertical  plane  and 
that  given  by  the  mirrors  arranged  to  satisfy  the  ellipse  distribution 
will  in  general  be  much  smaller  than  the  other  errors  incident  to 
the  measurement.  If  a  closer  agreement  between  the  integral  and 
summational  values  of  the  arc  is  desired  without  increasing  the  number 
of  mirrors,  it  would  be  necessary  to  investigate  in  detail  the  typical  curve 
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of  the  arc,  and  from  this  curve  to  compute  the  angles  corresponding 
to  the  true  distribution  of  mirrors. 

In  order  to  determine  the  magnitude  of  the  error  that  would  arise 
if  the  form  of  intensity  curve  differed  to  any  extent  from  an  ellipse, 
the  distribution  of  mirrors  satisfying  the  ellipse  was  applied  to  the 
two  curves, 

(38)  /^=sin  e 
and 

(39)  ^=cos  0 

The  true  integral  means  of  these  are,  respectively,  [eq.  (24)] 

(40)  /^=|  f/,  sin  Od  e=  fsin*  6  d' 6  =.7864: 


L  sin  ^d  e=  I  sin  0  cos  6  d  ^=.5000 


(41)  4,=^/,sin^rf^=jrsi 


whereas  the  values  given  by  one-fourth  of  the  summations  of  the 
sines  and  cosines,  respectively,  of  the  angles  of  eq.  (37)  are 

4^ =.7976 
/^=.5005 

which  are  in  error  by  1.6  per  cent  and  0.1  per  cent,  respectively. 

V.  Application  of  the  Russell -Leonard  Photometer  to 

Incandescent  Lamps. 

In  the  application  of  the  Russell-L^onard  photometer  to  incandes- 
cent lamps  the  problem  is  just  the  same  as  in  the  application  to  arc 
lamps,  except  that  here  we  seek  the  distribution  of  mirrors  that  will 
satisfy  the  three  intensity  curves 

Case     I  /^  =  constant 

Case    II  /^=sin  ff 

Case  III  Ig  =cos  0 

Any  distribution  of  mirrors  which  will  satisfy  these  three  cases  will 
yield  veiy  small  errors  when  applied  to  any  actual  curves.  Moreover, 
since  any  distribution  of  mirrors  in  zones  of  equal  area  will  satisfy 
case  I,  we  simply  have  to  determine  the  distribution  most  nearly  satis- 
fying cases  II  and  III. 
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The  true  integral  values  for  ca^es  II  and  III,  respectively,  are  [eqs. 
(40)  and  (41)] 

4,=.  7854 
4«=.5000 

If  we  divide  the  surface  of  the  sphere  into  twelve  zones  instead  of 

eight,  the  distribution  of  mirrors  satisfying  case  II,  as  determined  bv 

evaluation  of  eq.  (US)  for  each  of  the  twelve  zones,  after  putting  fory(^) 

its  value  sin  ^,  gives  an  error  of  1.0  per  cent  when  applied  to  case  III. 

Similarly  the  true  distribution  for  case  III  gives  an  error  of  0.7  per 

cent  when  applied  to  case  II.     If,  however,  we  take  a  distribution  of 

mirrors  intermediate  between  the  two  true  distributions,  i.  e. ,  if  we 

take 

6^1  =  22^  47' 

^,=41^  14' 

^3  =  54^  15' 

(42)  6>^=65^  14' 

6>,  =  75-20' 

(9^  =  85-    8' 

the  error  is  divided  between  the  two  cases,  so  that  the  summational 
values  for  cases  II  and  III  are,  respectively, 

/    =.5025 


mt 


the  corresponding  percentage  errors  })eing  0.4  per  cent  and  0. 5  per  cent. 

We  have  divided  the  surface  of  the  sphere  into  12  zones  in  this  case, 
as  compared  with  8  in  dealing  with  arc  lamps,  because  in  the  first 
place  a  higher  accuracy  is  obtainable  in  the  photometry  of  incandes- 
cent lamps,  and,  secondly,  if  the  incandescent  lamp  is  rotated,  12 
zones  demand  only  12  mirrors  which  can  be  arranged  around  the 
wholecircle,  whereas  8  zones  demand  16  mirrors  in  the  arc-light  photom- 
eter,— 8  mirrors  on  e^ch  side  of  the  vertical  diameter.  Thus,  for  incan- 
descent lamp  work,  12  mirrors,  each  i]  inches  broad,  can  be  arranged 
in  a  circle  of  3  feet  diameter,  and  yield  a  result  accurate  to  within 
about  0.5  per  cent  for  lamps  of  various  intensity  curves,  whereas  the 
Matthews  instrument,  as  at  present  constructed,  gives  an  error  of 
over  2  per  cent  (Tab  e  II)  when  applied  to  the  lamp  having  the 
intensity  curve  f^  =  cos  0, 

It  has  not  been  the  intention,  in  this  discussion  of  the  Russell- 
Leonard  photometer,  to  make  the  treatment  exhaustive,  but  mther  to 
suggest  the  method  which  can  be  applied  to  locate  the  mirrors  in  the 
zones  after  the  uses  to  which  the  instrument  is  to  be  put  and  the  con- 
sequent general  dimensions  of  the  instrument  have  been  determined. 


THE  TESTING  OF  CUNICAL  THERMOMETERS. 


Bv  C.  W.  Waidner  and  L.  A.  Fischer. 


Soon  after  the  organization  of  the  Bureau  of  Standards  work  pre- 
paratory to  the  testing  of  clinical  thermometers  was  taken  up.'*  At 
the  same  time  all  of  the  prominent  manufacturers  of  clinical  ther- 
mometers were  requested  to  submit  samples  of  their  product  in  order 
that  the  Bureau  could  determine  what  accuracy  might  be  expected  and 
what  defects  were  most  common. 

The  design  and  construction  of  the  apparatus  required  for  this  pur- 
pose was  undertaken  with  two  main  objects  in  view:  first,  that  the 
highest  accuracy  should  be  obtained,  and  second,  that  the  tests  could 
be  made  so  rapidly  that  the  fees  for  testing  would  be  reduced  to  a 
minimum.  The  apparatus  finally  adopted  has  been  in  use  for  some 
time,  and  the  methods  of  testing  have  been  subjected  to  exhaustive 
trials.  As  both  the  apparatus  and  methods  used  by  the  Bureau  have 
been  the  subject  of  numerous  inquiries,  it  is  deemed  advisable  to 
publish  a  full  description  for  the  use  of  those  interested  and  also  an 
account  of  the  experiments  upon  which  the  regulations  finally  adopted 
are  based. 

The  first  tests  made  showed  that  many  of  the  clinical  thermometers 
had  errors  as  large  as  0.5^  or  0.6"^  F.,  and  in  some  cases  even  larger 
errors  were  found.  Moreover,  a  study  of  groups  of  thermometers 
suggested  that  the  standards  used  were  in  error.  The  manufac- 
turers were  accordingly  requested  to  submit  their  standards  to  the 
Bureau  for  examination.  Without  exception  this  request  was  com- 
plied with,  and,  as  suspected,  the  conclusion  that  the  standards  were 
in  error  was  confirmed. 


»  The  work  was  begun  in  the  section  of  weights  and  measures  under  the  direction 
of  Mr.  Fischer,  and  was  subsetjuently  transferred  to  the  section  of  thermometry, 
upon  its  organization,  under  the  direction  of  Dr.  Waidner. 
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Clinical  Standard  Thermometers. 

Some  of  the  standards  submitted  were  found  to  be  radically  defective 
in  construction.  Some  were  so  constructed  that  when  used  in  the  water 
bath  for  the  pointing  of  ordinary  clinical  thermometers  the  stems  pro- 
jected above  the  surface  of  the  bath  by  amounts  corresponding  to  60 
F.  and  even  more.  Since  changes  of  20-  F.  or  more  occur  in  the  tem- 
perature of  rooms  where  clinical  thermometers  are  graduated,  and  since 
the  temperature  of  the  exposed  portion  of  the  stem  is  largely  controlled 
by  the  temperature  of  the  room,  there  is  here  presented  a  possible 
source  of  error  of  about  0.1^  F.  Another  defect  common  to  most 
of  the  clinical  standards  submitted  was  the  absence  of  the  ice  point 
(32^^  F.)  from  the  scale.  The  presence  of  this  point  is  important, 
since  it  enables  one  immediately  to  detect  any  change  in  the  indica- 
tions of  a  thermometer  by  determining  the  ice  point  in  a  mixture 
of  finel}^  crushed  pure  ice  and  distilled  water.  If  any  change  is 
detected  in  this  point  the  reading  of  the  thermometer  may  then 
be  corrected.  It  is  true  that  most  of  the  standards  used  by  manufac- 
turers are  quite  old,  and  hence  changes  in  these  thermometers  would 
probably  be  small.  Nevertheless  changes  might  occur  on  account  of 
the  development  of  minute  air  bubbles  or  other  causes,  which,  as 
before  stated,  would  be  readih'  detected  by  a  determination  of  the 
ice  point. 

A  form  of  clinical  standard  well  adapted  for  the  pointing  or  testing 
of  clinical  thermometers  is  shown  in  fig.  1. 

Immediately  above  the  ice  point  is  an  enlargement  of  the  bore, 
which  makes  it  possible  to  obtain  on  a  short  stem  the  ice  point 
and  also  the  range  of  temperature  re(juired  in  clinical  thermometry. 
Above  the  enlargement  there  are  graduations  corresponding  to  0  .1 
and  covering  the  range  90^  to  110^  F.*  Inordinary  use  these  standard 
theiinometers  are  immersed  in  the  water  bath  to  about  the  93^  mark, 
so  that  not  more  than  17-  is  emergent  from  the  bath,  and  hence 
the  variations  in  the  temperature  of  the  room  may  be  neglected.  The 
corrections  to  these  thermometers  are  carefuUv  determined  bv  com- 
paring  them  with  the  primary  standards  of  the  Bureau. 

These  latter  are  made  of  the  usual  thermometric  glasses,  namely, 
French  hard  glass  or  Jena  16'"  normal  glass,  and  are  artificially  aged, 
before  final  filling,  by  exposing  them  to  a  temperature  of  about  850^  F. 
for  at  least  60  hours,  after  which  thev  are  allowed  to  cool  slowlv.  When 
treated  in  this  manner  subsequent  time  changes  are  extremely  small. 
The  graduations  on  these  theiinometers  are  very  fine,  whereas  some 
of  the  standards  submitted  to  the  Bureau  for  examination  were  onlv 
graduated  into  0^.2  F.,  and  the  graduation  lines  were  nearly  as  wide 
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aa  half  an  interval.  Under  such  conditions  it  is  easily  possible  to 
make  an  error  of  several  hundredths  of  a  degree  in  reading  the  ther- 
mometer. It  might  seem  at  first  sight  that  errors  of  this  magnitude 
are  negligible  in  clinical  thermometry,  but  they  are  sufficient  to  make 
the  corrections  to  large  numbers  of  clinical  thermometers  0^.1,  while  if 
the  correct  temperature  of  the  bath  had  been  known  when  the  clinical 
thermometers  were  pointed  the  corrections  resulting  from  the  tests  of 
the  Bureau  would  have  been  given  as  0^.0.  To  illustrate,  if  the 
observed  correction  is  0^.05  or  less  it  is  given  as  0*^.0,  while  if  0^.06 
had  been  observed  the  correction  would  have  been  given  as  0^.1. 

To  facilitate  the  use  of  standards  of  proper  construction  and  of  a 
uniform  scale  of  temperature  the  Bureau  has  loaned  a  few  of  these 
speciallv  constructed  standards  to  a  number  of  manufacturei's  for  brief 
periods.  The  Bureau  has  also  pointed  a  number  of  standards  made 
and  submitted  by  the  manufacturers  for  this  purpose.  The  result  of 
this  work  has  been  greatly  to  reduce  the  errors  of  clinical  thermome- 
ters, those  now  submitted  for  test  having,  on  the  average,  errors  less 
than  one-half  as  great  as  those  first  submitted. 

Scale  of  Temperature. 

The  advantages  resulting  from  the  universal  use  of  one  and  the  same 
scale  of  temperature  are  almost  self-evident,  but  notwithstanding  this 
fact  a  number  of  slightly  different  scales  were  found  in  use  by  manu- 
facturers, all  of  whom  supposed  their  standards  to  be  correct.  Since 
frequent  inquiries  are  made  as  to  the  scale  of  temperature  used  by  the 
Bureau,  the  question  will  be  briefly  considered  here. 

The  interval  covering  the  ordinary  range  of  temperature  is  fixed  by 
the  temperature  of  melting  ice  and  by  the  temperature  of  steam  under 
normal  pressure."  These  two  temperatures  are  universally  used  to 
determine  the  so-called  fixed  points  of  thermometers  of  various  kinds. 

It  is  well  known  that  the  indications  of  mercury  thermometers  con- 
structed of  different  kinds  of  glass  may  differ  very  materially  from 
one  another,  after  making  all  necessary  corrections  to  their  readings 
for  errors  in  the  fixed  points,  and  for  nonuniformity  in  the  caliber  of 
the  tubes.  These  differences,  due  to  the  fact  that  different  glasses 
have  different  coefficients  of  expansion,  may  amount  to  more  than  0^.2  F. 
Thermometers  made  up  from  the  same  pot  of  glass,  or  even  from 
the  same  piece  of  tubing  that  have  been  worked  differently  in  the  blast 
flame,  will  often  show  very  appreciable  differences  in  their  tempera- 
ture scales.  For  these  reasons  mercury  in  glass  thermometers  are 
not  suited  for  establishing  a  standard  scale  of  temperature. 

a  The  pressure  of  760  mm  of  mercury  at  0°  C.  and  at  sea  level  and  latitude  45°. 
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The  scale  that  has  now  come  into  almost  universal  use  in  all  accurate 
scientific  and  technical  work  is  what  is  known  as  the  International 
Hydrogen  Scale,  based  upon  the  researches  of  Chappuis  carried  out  at 
the  International  Bureau  of  Weights  and  Measures.  This  scale  is 
defined  as  follows  in  a  resolution  of  the  International  Committee  on 
Weights  and  Measures  adopted  October  15,  1887: 

The  International  Committee  on  Weights  and  Measures  adopts  as  the  standard 
thermometric  scale  for  the  International  Service  of  Weights  and  Measures  the  centi- 
grade scale  of  the  hydrogen  thermometer,  having  as  fixed  points  the  temperature  of 
melting  ice  (0°),  and  of  the  vapor  of  distilled  water  boiling  (100°)  at  standard  atmos- 
pheric pressure;  the  hydrogen   being  taken  at  an  initial  manometric  pressure  of 

1000 
1  m  of  mercury;  that  is  to  say,       -   =1.3158  times  the  standard  atmospheric  pressure. 

On  this  scale  of  temperature,  therefore,  1^  is  measured  by  -j^^^  of 
the  change  of  pressure,  between  the  two  fixed  points,  of  a  confined 
mass  of  h3'drogen  gas  whose  volume  is  kept  constant,  and  whose 
initial  pressure  (at  0^  C.)  is  equivalent  to  1  meter  of  mercury  (at  0^  C, 
and  at  sea  level,  lat.  45*^). 

Types  of  Clinical  Thermometers. 

Clinical  thermometers  are  made  of  many  different  forms.  By  way 
of  illustration  it  is  only  necessary  to  describe  a  few  of  the  leading 
types.  Nearly  all  clinical  thermometers  are  self-registering;  that  is 
to  say,  they  register  the  highest  temperature  to  which  they  have  been 
exposed.  Various  devices  for  accomplishing  this  object  are  in  use, 
but  the  one  almost  universally  used  in  the  United  States  and  in  Great 
Britain,  and  also  extensively  in  Europe,  is  shown  in  (a)^  fig.  2. 

It  consists  of  a  contraction  or  trap  in  the  capillary  tube  of  the  ther- 
mometer, which  peimits  the  mercur}'  to  expand  through  the  contrac- 
tion in  fine  globules,  but  does  not  allow  it  to  return  unless  the  mercury 
is  forced  back.  This  contraction  must  be  very  skilfully  made,  for  if 
the  globules  of  mercury  that  pass  are  large  the  readings  will  increase 
by  a  series  of  large  jumps  and  the  thermometer  will  not  register  accu- 
rately. It'  the  contraction  is  too  large  ('Moose"),  the  thermometer  will 
not  hold  its  index  at  all.  On  the  other  hand,  if  the  contraction  is  too 
small  ("tight-')  it  is  diflScult  to  force  the  mercury  below  the  contrac- 
tion (throw  back  the  index)  when  a  new  reading  is  desired.  These 
defects  cause  the  rejection  of  a  considerable  number  of  thermometers 
submitted  for  test.  The  contractions  are  made  by  heating  the  glass 
tube  with  a  blowpipe  and  allowing  the  walls  to  collapse.  This  operation 
introduces  strains  in  the  glass,  which  sometimes  cause  small  slivers  of 
glass  to  break  off  in  the  vicinity  of  the  contraction,  often  after  long 
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intervals  of  time,  frequently  rendering  the  thermometer  untrust- 
worthy. These  defects  are  referred  to  because  of  the  prevailing  belief 
that  if  a  thermometer  has  once  been  tested  and  has  received  a  certifi- 
cate, it  will  always  remain  reliable  as  long  as  it  continues  to  register. 

In  some  of  the  larger  forms  of  clinical  thermometers  widely  used 
in  Europe  other  devices  are  employed.  The  device  shown  in  (5)  fig.  2 
is  quite  common.  It  consists  of  a  small  air  bubble  in  the  column  of 
mercury,  which  pushes  before  it  a  short  column  (index)  of  mercury 
when  the  temperature  is  raised,  but  which  leaves  the  index  in  position 
when  the  highest  temperature  has  been  reached.  The  capillary  stem 
is  bent  in  a  loop  to  prevent  the  air  bubble  from  receding  into  the  bulb 
when  the  index  is  thrown  back.  Another  device  frequently  used  is  a 
small  glass  rod  attached  to  the  bottom  of  the  bulb,  which  runs  through 
the  center  of  the  bulb  and  terminates  in  the  bottom  of  the  capillary 
stem.  As  the  mercury  expands  it  forces  its  wa}"  through  the  narrow 
annular  opening  between  the  rod  and  the  capillary,  but  when  the  mer- 
cury contracts  the  mercur}^  above  the  trap  can  not  retreat,  and  hence 
the  highest  temperature  is  recorded. 

The  form  of  thermometer  shown  in  (a),  fig.  2,  usually  has  the 
graduations  on  the  outside  of  the  glass  tube,  and  is  made  with  what  is 
called  a  magnifying  lens  front  and  a  white  enamel  back.  The  fine 
thread  of  mercury  is  thus  seen  greatly  magnified  against  the  white 
background. 

In  the  form  of  thermometer  shown  in  (J),  fig.  2,  known  as  the  ''Ein- 
schluss"  or  inclosed  scale  type,  the  scale  is  ruled  on  a  strip  of  milk 
glass,  which  is  placed  directly  back  of  the  fine  capillary  stem  of  the 
thermometer,  both  being  inclosed  in  a  glass  tube.  The  outer  glass 
tube  is  always  fused  to  the  bulb  or  the  capillary  tube,  but  different 
methods  are  used  to  fasten  the  scale  in  position.  In  some  the  scales 
are  fastened  with  sealing  wax  in  a  groove  cut  in  a  cork  that  closes  the 
top  of  the  outer  glass  tube.  In  the  better  forms  the  scale  is  fused  to 
the  top  of  the  outer  glass  tube,  as  shown  in  (5),  fig.  2. 

It  is  claimed  by  some  that  the  graduations  of  thermometers  of 
type  (a),  fig.  2,  which  are  in  part  filled  with  some  black  coloring  matter, 
will  retain  disease  germs,  which  can  not  be  as  readily  removed  as  in 
the  case  of  the  inclosed  scale  type  (5),  fig.  2,  when  the  thermometer  is 
placed  in  the  antiseptic  liquid.  The  latter  are  therefore  sometimes 
called  "aseptic"  thermometers.  Whether  this  criticism  is  valid 
would  have  to  be  determined  by  the  bacteriologist. 

Two  other  types  of  aseptic  thermometers,  shown  in  (a)  and  (J),  fig.  3, 
are  also  found  on  the  market. 

In  type  (a),  fig.  3,  the  outside  of  the  stem  of  the  thermometer  is 
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perfectly  smooth;  the  scale,  graduated  on  mica,  is  sealed  in  the  rec- 
tangular slot  in  the  stem,  immediately  behind  the  capillary  bore.  In 
the  type  (ft),  fig.  3,  a  thermometer  of  the  form  shown  in  («),  fig.  2,  is 
inclosed  in  a  neatly  fitting  glass  envelope,  displacement  being  pre- 
vented by  the  rubber  ring  R, 

Another  advantage  claimed  for  the  '^  aseptic  "type  of  thermometers 
is  that  the  black  coloring  matter  in  the  graduations  is  not  exposed  to 
the  action  of  the  antiseptic  fluid,  so  that  its  scale  always  remains 
legible. 

It  should  be  added  that  if  there  is  any  advantage  in  the  aseptic  form 
of  thermometer,  from  a  bacteriological  standpoint,  it  is  often  lost  by 
the  addition  of  metallic  caps  to  the  thermometers,  which  must  be  far 
more  dangerous  germ  traps  than  outside  graduations,  because  the 
metal  caps  are  seldom  exposed  to  the  antiseptic  fluid. 

All  of  the  types  illustrated  are  sometimes  modified  to  adapt  them  to 
special  purposes.  Thus  the  bulb  is  sometimes  made  in  the  form  of  a  flat 
spiml  for  determining  local  surface  tempemtures,  and  in  others  it  has 
a  special  form  to  suit  the  organ  whose  temperature  is  to  be  measured, 
as,  for  example,  the  eye. 

Time  Required  to  Attain  the  Proper  Temperature. 

The  question  of  the  so-called  ''time  of  action"  of  clinical  thermom- 
eters frequently  gives  rise  to  misunderstandings  between  the  manu- 
facturer and  user.  The  time  required  by  a  thermometer  to  attain  its 
final  temperature  depends  largely  upon  how  it  is  used,  and  hence  to 
sav  that  a  thermometer  is  a  half,  one,  or  two  minute  thermometer 
means  nothing  definite.  Owing  to  the  demand  for  a  short  "time  of 
action"  the  manufacturers  have  been  compelled  to  use  extremely  thin 
wall  tubing  for  the  bulbs,  and  also  to  reduce  to  a  minimum  the  amount 
of  mercury  used  in  the  thermometers.  Owing  to  the  latter  they  have 
also  been  compelled  to  use  for  the  stem  very  fine  capillary  bore  tubing. 
The  general  effect  has  been  to  produce  somewhat  frail  thermometers, 
inconvenient  to  use  because  of  the  difficulty  of  throwing  back  the  index; 
hence  it  seems  probable  that  the  effort  in  this  direction  has  been  car- 
ried too  far.  To  increase  the  exposed  surface  of  the  bulb  the  latter  is 
sometimes  made  double  and  are  then  called  ''twin  bulb"  thermometers. 

To  get  the  best  results  the  thermometer  should  be  kept  under  and  in 
good  contact  with  the  tongue,  and  care  should  also  be  taken  by  the  user 
not  to  inhale  air  through  the  mouth.     The  time  may  be  slightly  reduced 
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by  taking  care  not  to  press  the  thermometer  against  the  tongue  hard 
enough  to  impede  circulation.  When  properly  used,  thermometers  of 
type  (rt),  iig.  2,  require  from  less  than  a  half  minute  to  two  minutes. 
In  a  water  bath  thermometers  of  this  type  will  generally  take  up  the 
tempei*ature  of  the  bath  in  live  seconds  or  less.  The  larger  clinical 
thermometers  of  type  (J),  fig.  2,  or  the  form  illustrated  in  (J),  fig.  3, 
necessarily  have  a  longer  time  of  action. 

Aging  of  Clinical  Thermometers. 

One  of  the  important  and  most  difficult  questions  that  had  to  be 
settled  before  regulations  concerning  the  certification  could  be  adopted 
was  that  of  aging.  Thermometers  not  aged,  or  "green,"  as  they  are 
called,  might  pass  the  most  rigid  test  requirements,  and  yet,  if  made 
of  certain  kinds  of  glass,  they  might  in  the  course  of  two  or  three 
months  develop  errors  of  0^.6  F.  or  more.  To  protect  the  certificate  of 
the  Bureau  and  at  the  same  time  meet  the  requirements  of  all  those 
interested,  several  courses  were  open,  each  of  which  was  both  favored 
and  criticised  when  submitted  to  the  interested  pai*ties  for  their 
opinion. 

One  suggestion  was  that  the  thermometers  be  deposited  with  the 
Bureau  for  at  least  four  months.  They  could  then  be  withdrawn  by 
the  maker  for  final  inscription  and  returned  to  the  Bureau  for  test. 
The  Bureau  would  then  be  satisfied  that  the  thermometer  had  been 
duly  aged  for  a  period  that  would  probably  render  any  subsequent  time 
changes  negligible.  This  procedure  is  open  to  objections,  chief  among 
which  are  the  uncertainty  of  the  demand,  the  necessity  for  double 
transportation,  and  the  twofold  process  of  engraving. 

Another  suggestion  was  to  test  them  as  soon  as  possible,  hold  them 
for  a  period  of  from  four  to  six  weeks,  and  again  test  them.  Since  a 
considerable  part  of  the  time  change  in  green  thermometers  occurs 
within  the  first  month  or  two,  the  two  tests  would  determine  whether 
the  thermometers  had  been  sufficiently  aged.  The  principal  objection 
to  this  procedure  is  the  necessity  of  two  tests,  with  consequent  increase 
in  the  cost  of  testing. 

In  order  to  determine  definitely  the  magnitude  of  the  errors  that 
might  result  from  time  changes,  a  series  of  experiments  were  under- 
taken with  a  large  number  of  green  clinical  thermometers,  made  of 
different  kinds  of  glass  and  by  different  manufacturers.  The  results 
of  these  experiments,  bailed  on  many  hundreds  of  observations,  are 
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given  in  the  following  table  for  different  periods  from  the  date  the 
thermometers  were  made: 


(flans. 


Average  increase  in  reading  of  clinical 
thermometers. 


Ill 
Jena  16      glairs . 

Soft  glass 


At  the  end  of  1 
month. 


0°.04  F. 


At  the  end  of  2 
months. 


0°.06  F. 
0°.30  F. 


At  the  end  of 
14  months. 


OMl  F. 
0°.68  F. 


These  experiments  show  that  if  soft  glass  is  used  the  time  changes 
are  by  no  means  negligible.  On  the  other  hand,  when  the  better  gi'ades 
of  thermometer  glass  are  used,  such  as  Jena  normal  or  French  hard 
glass,  the  total  change  in  fourteen  months  is  only  about  C^.l  F.,  and 
about  one-half  of  this  total  change  takes  place  in  the  first  two  months. 
Other  experiments  have  shown  that  time  changes  after  fourteen  months 
are  insignificant.  It  is  therefore  evident  that  if  clinical  thermometers 
are  made  of  the  proper  glass  three  or  four  months  are  sufficient  to 
age  them  so  that  subsequent  changes  will  be  negligible. 

When  glass  is  heated  to  a  certain  temperature  it  expands  quite  rap- 
idly to  the  volume  corresponding  to  that  temperature.  If  cooled  again 
to  its  initial  temperature  it  contracts  rather  quickly  to  nearly,  but  not 
quite,  its  original  volume.  To  completely  recover  takes  days,  and  with 
some  kinds  of  glass  weeks  and  months.  Consequently  the  strains  due 
to  working  the  glass  in  the  high  temperature  of  the  blowpipe  disap- 
pear slowly,  the  disappearance  being  made  manifest  by  a  rise  in  the 
indications  of  the  thermometers  as  the  glass  contracts.  If  the  ther- 
mometer is  made  by  making  the  bulb  out  of  glass  tubing,  by  closing 
one  end  and  fusing  the  other  end  to  the  stem,  the  strains,  and  conse- 
quently the  time  changes,  are  less  than  if  the  bulb  is  blown  on  the  stem. 

The  common  practice  in  the  United  States  is  to  make  the  bulbs  of 
the  hard  thermometer  glasses,  and  the  stems  of  softer  enamel  back 
and  lens  front  tubing.  As  the  volume  of  the  mercury  in  the  bulb  is 
many  times  greater  than  that  in  the  stem,  the  changes  in  the  stem  are 
negligible,  and  hence  thermometei*s  constructed  in  this  manner  are  just 
as  satisfactory  as  those  made  entirely  of  hard  glass. 

In  view  of  these  circumstances  and  of  the  foregoing  experiments  the 
Bureau  decided  to  waive  all  requirements  as  to  aging,  at  least  for  the 
present,  and  instead  the  statement  is  made  in  the  certificate  furnished 
by  the  Bureau  that  the  indications  are  liable  to  change  unless  the 
thermometer  has  been  suitably  aged. 
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Requirements  for  Certification. 

Before  bein^;  tested  for  accuracy  clinical  thermometers  are  exam- 
ined for  defects  of  construction,  such  as  presence  of  air  bubbles  or 
moisture  in  the  mercury  or  in  the  capillary  bore,  cracks  in  the  glass 
and  defective  graduations;  the  operation  of  the  registering  device 
(*' index")  is  also  tested  to  see  that  the  index  is  neither  too  easy  nor  too 
difficult  to  throw  back.  If  this  test  is  passed  the  thermometer  is 
then  compared  with  two  standard  thermometers  of  the  Bureau  at  the 
four  test  points,  96°,  100°,  104°,  and  108°,  two  independent  compari- 
sons being  made  at  each  point.  If  the  two  tests  at  any  point  differ  by 
more  than  0°.15  F.,  or  if  the  mean  of  the  two  tests  give  a  correction 
in  excess  of  0°.3  F.,  the  thermometer  is  rejected.  Furthermore,  errors 
in  the  intervals  between  test  points  must  not  exceed  0°.3  F.^ 

Thermometers  submitted  for  test  must  have  a  clear  space  of  at  least 
2  cm.  (f  inch)  near  the  stop  of  the  stem  for  etching  thereon  the  identi- 
fication marks  of  the  Bureau. 

Method  of  Testing. 

preliminary  test. 

Those  thermometers  which  successfully  pass  the  examination  for 
such  defects  as  are  evident  on  careful  inspection  are  mounted  in  lots 
of  24  in  the  small  holders  shown  in  fig.  4.  The  thermometers  are  held 
in  position  in  the  holders  by  the  pressure  of  springs  made  of  phosphor 
bronze. 

The  holders  have  identification  numbers,  and  to  each  holder  is 
assigned  a  record  sheet  similar  to  that  shown  in  fig.  9.  The  sheets 
are  numbered  to  correspond  with  the  holders,  and  the  thermometers 
are  entered  on  this  sheet  in  the  same  order  that  they  are  mounted 
in  the  holder,  the  manufacturer's  number  being  entered  in  the  second 
column. 

The  next  step  is  to  test  the  registering  device.  Where  large  num- 
bers of  thermometers  have  to  be  tested,  the  usual  method  of  throwing 
back  the  index  by  hand  is  impriacticable,  on  account  of  the  time  and 
effort  required.  This  test  is  conveniently  and  rapidly  made  by  means 
of  the  ''  whirling  machine"  shown  in  fig.  5. 

Two  of  the  holders  loaded  with  thermometers  are  mounted  in  this 
machine,  by  pulling  back  the  lock  spring  aS,,  raising  the  shaft  P,  and 
slipping  on  the  holder,  as  shown  in  the  figure,  and  then  dropping  the 

«  For  example,  if  the  correction  at  96**  is  -hO^'.S  and  at  100°  —0°.  I,  the  error  in  the 
interval  would  be  0°.4  F.,  and  the  thermometer  would  be  rejected. 
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shaft  back  into  a  horizontal  position  where  it  is  held  by  the  lock  spring. 
By  whirling  the  thermometers  the  mercury  index  is  driven  back  into 
the  bulb.  The  machine  is  operated  by  turning  the  handle  H^  which 
acts  through  bevel  gears  on  the  shaft  S^  on  top  of  which  is  a  glass 
tube  filled  with  oil  or  glycerin.  When  the  shaft  S  is  rotated  the  sur- 
face of  the  liquid  assumes  a  parabolic  form,  the  center  being  depressed 
by  an  amount  dependent  upon  the  speed  of  rotation.  This  is  therefore 
a  very  simple  and  convenient  speed  indicator. 

The  speed  of  rotation  has  been  determined  corresponding  to  what  is 
considered  the  maximum  muscular  effort  that  should  be  required  to 
throw  back  the  index.  The  test  then  simply  consists  in  whirling  the 
machine  until  this  limiting  speed  has  been  reached.  The  thermometers 
are  then  rapidly  examined  in  succession  by  turning  the  holders  on  the 
shaft  -P.  Such  as  have  failed  to  fall  below  95^  F.  are  removed  from 
the  holder  and  placed  among  those  rejected.  This  completes  the  pre- 
liminary test. 

DETERMINATIONS  OF  CORRECTIONS. 

The  thermometers  that  have  fulfilled  the  preliminary  test  are  next 
compared  at  96^,  100°,  104°,  108°  F.,  or,  if  centigrade  thermometers, 
at  35°,  37°,  39°,  42°  C.  in  a  well-stirred  water  bath  with  two  standard 
thermometers  similar  to  those  already  described. 

COMPARISON  TANK. 

The  tank  shown  in  fig.  6  is  a  double-wall  vessel  made  of  seamless 
brass  tubing.  The  water  in  the  inner  tank  is  thoroughly  stirred  by  a 
small  propeller  K  which  is  driven  at  a  high  speed  by  the  small 
direct-connected  electric  motor  J/!  This  propeller  forces  the  water 
downward  through  the  central  tube  and  upward  in  the  space  between 
the  inner  and  outer  tube,  as  indicated  by  the  arrows.  The  stirring 
is  so  thorough  that  the  tempemture  of  the  bath  is  constant  throughout 
to  within  0°.01.  The  inner  tank  is  covered  with  a  very  fine  layer  of 
sheet  mica,  on  which  are  wound  two  heating  coils,  C\  and  (7,,  of  cotton- 
covered  constantan  wire  shellaced  in  place.  Each  coil  has  a  resist- 
ance of  about  80  ohms,  and  its  terminals  are  connected  to  binding 
posts  on  the  bottom  of  the  tank.  The  coils  are  connected  to  a  110- 
volt  circuit  through  the  rheostat  R^  which  serves  to  regulate  the  cur- 
rent in  the  heating  coils.  If  rapid  heating  is  desired,  as  when  raising 
the  temperature  of  the  bath  up  to  the  first  test  point,  or  from  one  test 
point  to  another,  the  two  coils  are  put  in  parallel  by  throwing  the 
double-pole  double-throw  switch  S^  to  the  side  marked  ''Fast." 
When  a  constant  temperature  or  a  slowly-rising  one  is  desired,  the 
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FIG.  6.    COMPARISON  TANK. 
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two  coils  are  placed  in  series  by  throwing  the  switch  to  the  side  marked 
''Slow."  A  Weston  wattmeter  W^  serves  to  measure  the  electrical 
energy  required  in  heating  the  coils.  When  the  switch  is  thrown  to 
the  side  marked  "  Fast"  the  wattmeter  and  rheostat  are  cut  out. 

From  a  series  of  preliminary  experiments,  a  table  has  been  made  out 
giving  the  amount  of  electrical  energy  required  to  maintain  constant 
temperatures  at  the  several  test  points  for  different  robm  temperatures. 
The  amount  of  energy  necessary  is  so  small,  never  exceeding  76 
watts,  that  its  cost  is  trifling. 

The  rheostat  li  has  two  dials  of  24  steps  each,  the  step  on  one  corre- 
sponding to  nearly  the  entire  turn  on  the  other. 

Within  the  tank  is  a  small  coil  C'of  seamless  copper  tubing  through 
which  hot  or  cold  water  may  be  circulated  to  also  control  the  tempera- 
ture. This  water  is  introduced  through  the  two-way  mixing  cock  Cj 
connected  to  hot  and  cold  water  tanks,  and  the  amount  of  each  may 
be  easily  controlled  by  turning  the  knurled  hard-rubber  head,  shown 
on  the  front  of  the  tank.  The  circulation  of  cold  water  enables  the 
temperature  of  the  bath  to  be  lowered  and  is  a  necessary  adjunct  to 
the  electrical  heating.  The  hot  water  has  been  added  because  it  helps 
to  bring  the  temperature  quickly  to  the  different  test  points.  The  hot 
and  cold  water  circulation,  with  the  use  of  a  sensitive  stop  cock,  is 
sufficient  for  all  purposes,  but  on  account  of  its  convenience  the 
electric  current  regulation  is  always  used.  From  the  bottom  of  the 
tank,  which  is  made  with  four  stiffening  webs  of  brass,  there  project 
upward  four  brass  pins  P  on  which  a  like  number  of  loaded  holders 
are  slipped.     Hence,  96  thermometers  may  be  immersed  at  one  time. 

Two  standards,  T^  and  T^,  pass  through  short  brass  tubes  in  the 
cover  of  the  tank.  Inside  of  the  short  tubes  are  springs  which  keep 
the  thermometers  vertical  and  at  any  desired  depth.  On  top  of  the 
tank  are  mounted  two  small  reading  microscopes  JOf,  through  which 
the  thermometers  are  read  with  accuracy  and  ease."  The  microscope 
shown  in  the  illustration,  which  has  proven  to  be  entirely  satis- 
factory, is  known  as  the  Bruecke  dissecting  lens,  and  was  made  by  the 
Bausch  and  Lomb  Optical  Company,  of  Rochester,  N.  Y. 

A  complete  testing  apparatus  is  shown  in  fig.  7.  The  whirling 
machine  is  shown  at  the  right  end  of  the  table,  the  comparison  tank 
near  the  center;  the  hot  and  cold  water  tanks,  with  necessary  supply 
and  overflow  connections,  are  mounted  on  a  cast-iron  support  about 
75  cm  in  height.  The  hot  water  tank  contains  an  electric  heating 
coil  wound  in  two  sections  inside  a  thin-walled  copper  tube.     The 


«  One  microscope  is  sufficient,  since  it  may  be  quickly  turned  from  one  standard  to 
the  other. 
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copper  tube  is  wound  in  a  spiral  of  15  cm  diameter.  The  two  sec- 
tions of  this  coil  can  be  joined,  by  means  of  a  simple  switch,  to  give 
fast,  medium,  and  slow  heating,  the  latter  being  suflScient  to  keep  the 
temperature  15  or  20^  F.  below  the  boiling  point. 

The  supply  of  electrical  energy  for  the  comparison  tank  is  controlled 
by  the  switches  and  rheostat  handles  shown  on  the  front  of  the  table, 
and  by  a  wattmeter  mounted  inside  of  and  read  through  a  small  plate 
glass  window  in  the  top  of  the  table.  On  top  of  the  table  is  shown  a 
reading  stand,  in  which  the  holders  are  placed  and  the  thermometers 
read  through  a  small  microscope.  There  is  also  shown  a  tray  with 
holders  t9  illustrate  the  method  of  carrying  them  around.  The  scaler 
of  the  two  standard  thermometers  in  the  tank  are  illuminated  by  the 
incandescent  lamp  mounted  on  the  flexible  stand  in  the  rear.  The 
large  drawer  on  the  left  of  the  table  is  used  to  store  thermometers 
undergoing  test,  while  the  door  on  the  right  is  a  switchboard  on  which 
are  mounted  the  necessary  switches  and  the  rheostat.  The  door  is 
hinged  and  opens  outward,  thus  rendering  all  the  connections  accessible. 
The  above  testing  outfit  was  exhibited  at  the  Louisiana  Purchase 
Exposition  at  St.  Louis,  Mo. 

To  return  to  the  process  of  testing,  the  temperature  of  the  bath  is 
quickly  brought  up  to  within  a  fraction  of  a  degree  of  the  temperature 
of  the  lowest  test  point  (96^  F.)  by  the  hot  water  circulation,  and  then 
by  means  of  the  rheostat  Ji  and  the  wattmeter  W  the  current  is  regu- 
lated to  maintain  the  temperature  at  96^  F. 

Four  holders  are  then  put  into  the  bath,  and  by  momentarily 
throwing  the  switch  to  the  side  marked  ''Fast,"  the  temperature  of 
the  bath  is  brought  to  exactly  96^.00  F.  The  temperature  can  be 
brought  with  ease  to  within  O^'.Ol  F.  of  the  test  point,  and  it  rarely 
happens  that  the  readings  of  the  two  standard  thermometers  differ  by 
more  than  this  amount.  The  readings  of  the  two  thermometers  are 
then  entered  on  the  test  record  sheet  (see  fig.  9).  This  procedure  is 
repeated  until  all  the  holders  have  been  dipped  at  the  first  test  point 

READING   OF  THE   CLINICAL  THERMOMETERS. 

After  all  the  thermometers  have  been  dipped,  the  holders  are 
mounted  one  at  a  time  in  the  reading  stand  shown  in  fig.  8. 

One  observer  reads  the  thermometers  as  they  are  successively  brought 
into  the  field  of  view  of  the  microscope  by  turning  the  knurled  head 
of  the  arbor  on  which  the  holders  are  slipped,  while  another  records 
the  readings  on  the  test  record  sheet.  With  a  little  practice  the  ther- 
mometers may  be  read  at  the  rate  of  20  per  minute,  without  sacrificing 
accuracy,  as  has  been  demonstrated  by  repeated  trials.    The  readings, 
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even  when  made  by  different  observers,  rarely  differ  by  more  than 
0^.03  F. 

After  all  the  loaded  holders  have  been  read  at  the  first  test  point,  the 
bath  is  brought  to  the  next  test  temperature,  100*^  F.,  and  the  clinical 
thermometers  are  again  dipped  and  read  in  the  manner  described. 
This  procedure  is  repeated  for  the  other  test  points,  104^  and  108°  F. 
The  holders  are  then  mounted  two  at  a  time  in  the  whirling  machine 
aqd  the  mercury  is  made  to  retreat  below  95°,  and  the  entire  series  of 
observations  at  the  four  test  points  is  repeated. 

The  record  sheet  previously  referred  to  on  page  283  is  the  record 
for  one  holder.  The  corrections  at  each  test  point  as  determined  by 
the  two  independent  tests  are  entered  in  columns  6, 10, 14,  and  18,  and 
the  means  of  the  two  tests  to  the  nearest  0°.l  are  entered  in  columns 
7,  11,  16,  and  19.  In  the  test  record  sheet  shown  thermometer  Nos. 
5  and  17  were  rejected  because  the  indices  were  too  difficult  to  throw 
back.  No.  8  failed  to  hold  its  index  ("retreater").  No.  11  because  the 
error  exceeded  the  allowable  error  (0^.3),  and  Nos.  14  and  22  because 
they  failed  to  repeat  their  readings  within  0°.15  F.  in  the  two  tests. 
The  remaining  thermometers  fulfilled  all  tho  tost  requirements  and 
were  then  given  B.  S.  serial  numbers,  which  are  entered  in  column  3. 

B.  S.  IDENTIFICATION   MARKS. 

The  serial  numbers  just  referred  to,  preceded  by  the  letters  B.  S., 
are  then  etched  on  the  thermometers.  To  accomplish  this  the  upper 
parts  of  the  stems  are  thoroughly  cleaned  and  dried,  and  then  covered 
with  a  thin  coating  of  wax  by  immersion  in  a  pot  of  molten  wax.  The 
extreme  ends  are  further  protected  by  a  second  dipping  before  engrav- 
ing. The  wax  pot  used  in  this  work  has  proved  so  convenient  that  a 
brief  description  will  be  given.  It  consists  of  a  double-wall  vessel 
wound  with  two  heating  coils  connected  to  a  lighting  circuit  by  an 
ordinary  fuse-plug  connector.  To  melt  the  cold  wax  quickh^  the  two 
coils  are  thrown  in  parallel,  and  when  the  wax  is  all  melted  it  is  kept 
at  a  constant  temperature  by  the  two  coils  in  series. 

The  letters  B.  S.  and  the  serial  numbers  are  engraved  on  the  back 
of  the  thermometers  by  means  of  an  engraving  machine  made  by 
f^ton  and  Glover.  This  machine,  though  somewhat  large  for  this 
character  of  work,  is  nevertheless  (juite  convenient.  The  etching  is 
done  by  immersing  the  end  of  the  thermometer  for  a  short  time  in  a 
bath  of  hydrofluoric  acid. 

CERTIFICATE. 

The  corrections  to  the  thermometers  are  then  transferred  from  the 
test  record  to  the  certificates,  a  facsimile  of  which  is  shown  in  fig.  11. 
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R^SUM^  SHEET. 

When  a  numterof  thermometers  are  submitted  for  a  test  a  **rfeume 
sheet"  w  returned  with  the  certificate*^.  This  sheet  gives  a  statement 
of  the  number  of  thermometers  that  have  received  certificates,  the 
reaf*^>ns  why  others  were  rejected,  etc.  A  sample  resume  sheet  cor- 
rej^ponding  to  the  test  record  sheet  shown  on  the  preceding  page  is 
shown  in  fig.  10. 

Results  of  the  Work. 

It  is  gratifying  to  note  a  marked  improvement  in  the  quality  of  the 
thermometers  now  l>eing  submitted,  especially  in  the  product  of  those 
firms  which  have  freelv  availed  themselves  of  the  facilities  of  the 
Bureau.  Not  the  least  important  result  has  been  the  introduction 
into  the  clinical-thermometer  industry  of  a  uniform  scale  of  tempera- 
ture. At  the  present  time  practically  all  the  large  manufacturers 
have  sent  their  standards  to  the  Bureau  for  comparisons,  so  that  not 
only  are  the  standards  in  accord  with  one  another,  but  they  are  also  in 
accord  with  the  scale  of  temperature  used  throughout  the  scientific  and 
technical  world.  An  impartial  and  authoritative  test  is  of  value  alike 
to  the  manufacturer,  the  dealer,  and  the  user  of  thermometers.  To 
the  first  mentione<l  it  is  a  constant  check  on  his  standards  and  product, 
and  to  the  dealer  and  user  the  certificate  is  a  guarantee  of  the  accu- 
racv  of  the  thermometer. 

The  allowable  errors  for  certification  have  been  made  as  liberal  as 
is  consistent  with  a  good  product  and  with  due  regard  to  the  interests 
of  all  concerned.  The  present  limits  were  fixed  after  extensive 
experiments  made  on  clinical  thermometers  obtained  from  different 
sources,  but  as  the  standard  of  product  increases  it  may  be  desirable 
to  modify  these  limits. 

The  investigation  of  the  methods  described  and  testing  on  a  small 
scale  have  been  in  progress  for  the  past  three  years.  The  announce- 
ment, however,  that  the  Bureau  was  prepared  to  test  thermometers 
was  made  only  alx)ut  eight  months  ago.  Since  then  about  five  thou- 
sand thermometers  have  been  submitted  for  test,  so  that  ample  oppor- 
tunity has  been  afforded  to  test  both  the  apparatus  and  the  methods. 

On  account  of  the  desire  among  users  of  clinical  thermometers  to 
have  instruments  with  zero  corrections  the  demand  on  the  manufac- 
turer has  been  unreasonably  severe.  As  a  matter  of  fact,  a  thermome- 
ter having  corrections  of  0^.1  F.  is  practically  as  good  as  one  with 
zero  correction,  since  this  order  of  accuracy  is  all  that  is  essential.  A 
thermometer  with  corrections  as  high  as  0^.2  F.  may  ordinarily  be 
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FIG.  9.   TEST  RECORD  SHEET. 
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Reason  poh  Failure  to  Rbceivb    ' 
Certificate 

Identification  Mark  on  Thermometer 

\ 
1 

Total  No. 
Therms. 

Defects  in  construction : 

e.  g.  Presence  of  air  bubbles  in  bulb, 
cracks  iu  ^lass.  defects  in  grad- 
uation, failure  to  hold  index  in 
every  part  of  scale,  etc. 

Z  9  /3r 

2  9  /-// 

X 

Too  difficult  to  throw   back 
index  below  96°. 

X9  /^f 
Z9  //(» 

i. 

Broken  when  received  for  test. 

• 

a 

Broken  during  process  of  test- 
ing. 

0 

^ 

Exceed    limits    of    allowable 
error  for  certification. 

z  9  //^ 

Z9  /of 

z 

For  thermometers  that  failed  to  pass  the  preliminary  test,  for  reasons  specified  in  the  first  four  sections 
of  this  table,  a  rebate  is  allowed  at  the  pro  rata  rate  corresponding  to  the  number  of  thermometers  submitted 
for  test. 
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Ull|t0  Wrtift^H  that  the  above  thermometer  was 
found  to  have  the  following  corrections  at  this  date, 
compared  with  the  official  standards  of  this  Bureau: 


THKRMOMETER 
R£AL>INO 

CX>RRECXIONS 

96°  F. 

+  0.1 

100° 

.0 

104° 

-.1 

108° 

-.2 

NOTE.— When  the  correction  is  +   it  should  be 
added  to  and  when  —  subtracted  from  the  reading. 

Unless  this  thermometer  has  been  suitabty  aged  before  testiHf,  its 
indications  are  liable  to  change  with  time. 
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used  without  regard  to  the  corrections,  and  in  cases  whefe  the  accurate 
temperature  is  desired  the  corrections  may  be  applied. 

Of  the  clinical  thermometers  tested  during  the  year  ending  July  1, 
1904,  88.2  per  cent  satisfied  all  the  requirements  and  received  certifi- 
cates, 8.5  per  cent  were  rejected  because  their  errors  exceeded  the 
allowable  error,  1.6  per  cent  because  the  mercury  index  was  too  dif- 
ficult to  throw  back,  and  1.6  per  cent  for  other  causes,  such  as  defects 
in  construction,  moisture,  or  air  bubbles  in  mercury,  etc. ;  0.67  per  cent 
were  broken  when  received  and  0.50  per  cent  were  broken  during  test. 

In  conclusion,  the  authors  wish  to  acknowledge  their  obligations  to 
Dr.  S.  W.  Stratton,  Director  of  the  Bureau  of  Standards,  for  many 
valuable  suggestions  in  the  design  of  the  apparatus;  to  Dr.  Chree,  of 
the  Kew  Observatory,  where  clinical  thermometers  have  been  tested 
for  many  years,  and  to  Dr.  Wiebe  and  Dr.  Hebe,  of  the  Physikalisch- 
Technische  Reichsanstalt,  where  such  work  is  done  on  the  largest  scale, 
who  gave  the  authors  every  facility  to  inspect  the  apparatus  and  meth- 
ods in  use  at  these  institutions;  to  Mr.  L.  G.  Hoxton  and  Mr.  H.  C. 
Dickinson,  who  were  actively  associated  with  the  authors  in  the  work. 
We  are  also  pleased  to  acknowledge  our  indebtedness  to  the  manufac- 
turers for  placing  at  our  disposal  for  investigation  considerable  num- 
bers of  clinical  thermometers,  and  also  for  much  valuable  advice  and 
many  suggestions.  All  the  testing  apparatus  described  was  con- 
structed in  the  instrument  shop  of  the  Bureau. 
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MEASUREMENT  OF  INDUCTANCE  BY  ANDERSON'S  METHOD. 
USING  ALTERNATING  CURRENTS  AND  A  VIBRATION  GAL 
VANOMETER. 


By  Edward  B.  Rosa  and  Frbdbrick  W.  Grovbr. 


1.  mSTOHY  OF  THE  METHOD. 


Several  modifications  of  MaxwelPs  method  ^  of  comparing  an  induc- 
tance with  a  capacity  have  been  proposed  in  order  to  obviate  the  double 
adjustment  of  resistances  necessary  in  that  method.     Maxwell  showed 


Pio.  l.—Maxwell's  method. 

that  if  (1)  the  bridge  is  balanced  for  steady  currents  and  ai  the  same 
time  (2)  the  resistances  are  so  chosen  that  there  is  no  deflection  of  the 
galvanometer  when  the  battery  current  is  suddenly  closed  or  broken, 
then 

Z=CRQ=CPS  (1) 

where  L  is  the  inductance  in  the  arm  A  2>,  the  resistance  of  which  is 


«  Electricity  and  Magnetism,  §  778. 
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Q^  C  18  the  value  of  the  capacity  in  parallel  with  R^  and  P,  R^  and  S 
are  noninductive  resistances. 

In  order  to  satisfy  both  of  these  conditions  two  of  the  arms  of  the 
bridge  must  be  varied  simultaneously,  so  that  the  balance  for  steady 
currents  may  be  maintained  while  the  balance  for  transient  currents 
is  sought.  This  is  generally  a  tedious  process,  although  by  means  of 
a  small  variable  inductance  in  Q^  in  addition  to  the  inductance  to  be 
measured,  and  a  multiple  valued  condenser  the  process  might  be  con- 
siderably accelerated. 

In  1891  Professor  Anderson  proposed "  an  impoiiant  modification 
of  Maxwell's  method,  which  consisted  in  joining  the  condenser  to  a 
point  E^  separated  from  C  by  a  variable  resistance  r.  The  bridge 
being  balanced  for  steady  currents  by  varying  any  one  of  the  four 
arms  of  the  bridge,  the  balance  for  transient  currents  is  then  made  by 

c 


FiQ.  2.-~Ander8on'8  method. 


varying  /•,  which  does  not  disturb  the  balance  of  the  bridge  for  steady 
currents.  This  change,  which  rendered  the  two  adjustments  independ- 
ent, removed  at  once  a  most  serious  difficulty  and  made  the  method 
thoroughly  practicable. 

Anderson's  demonstration  for  the  case  of  transient  currents  gives 
for  the  value  of  the  inductance  (changing  the  letters  to  correspond  to 

fig.  2) 

L=C\t{Q^S)^PS^  (2) 

If  r=0,  L  —  CPS^  as  in  Maxwell's  method. 

In  the  use  of  Anderson's  method  r  may  be  small,  so  that  CPS  is 
the  principal  part  of  the  expression  for  the  inductance,  or  it  may  be 
larger,  and  the  first  term,  Cr  {Q+S)^  represents  the  larger  part  of  Z. 
Thus  a  considerable  range  of  values  of  inductance  may  be  measured 

«Phil.  Mag.,  81,  p.  329,  1891. 
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without  changing  the  arms  of  the   bridge  or  the  capacity  of  the 
condenser. 

Stroud  andOates^  have  proposed  another  modification  of  MaxwelPs 
method,  which  they  have  used  with  much  success  in  measuring  induc- 
tances. Instead  of  employing  an  interrupted  current  from  a  battery, 
as  Anderson  had  done,  they  used  an  alternating  current  and  an  alter- 
nating-current galvanometer,  the  latter  being  essentially  a  d'Arsonval 
galvanometer,  with  the  field  magnet  laminated  and  strongly  excited 
by  an  alternating  current  from  the  generator.  The  galvanometer  was 
thus  made  very  sensitive,  and  to  increase  the  sensitiveness  stillfurther 
the  resistance  r  was  placed  outside  the  bridge,  as  shown  in  Fig.  3.  It 
will  be  seen  that  this  arrangement  differs  from  MaxwelPs  only  in 
separating  the  point  B  from  the  terminal  of  the  condenser  by  the 


BATTERY  OR 

A.  C.  GENERATOR 


Fig.  3.— Stroud's  method. 

auxiliary  adjustable  resistance  r,  which  in  Anderson's  method  is  in 
the  galvanometer  circuit  between  (7/i»nd  D.  As  the  resistance  r  is 
sometimes  several  hundred  ohms,  it  reduces  the  sensibility  when  in 
the  galvanometer  circuit,  whereas  in  the  arrangement  of  Fig.  3  the 
electromotive  force  can  be  increased  if  r  is  large,  and  so  keep  the 
same  current  in  the  bridge  as  when  r  is  small,  and  thus  maintain  the 
sensibilitj. 

The  expression  for  the  inductance  L  in  Stroud's  method  (changing 
the  letters  to  correspond  with  Fig.  3)  is 


L=C\v{Q^P)+PS\ 


(3) 


which  closely  resembles  the  formula  for  Anderson's  method,  but  dif- 
fers in  having  ^+Pin  the  first  term  instead  of  Q-^-S, 


«Phil.  Mag.,  6,  p.  707,  1903. 
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Profe8S6or  Fleming  has  pointed  out  that  Stroud^'s  arrangement  may 
be  regarded  an  conjugate  to  Anderaon^s,  the  galvanometer  and  source 
of  current  being  interchanged.  Fig.  4.  In  this  case  the  formula  is 
exactly  the  same  as  for  Anderson^s  method.  If,  however.  Fig.  4  be 
rearranged  so  as  to  agree  with  Fig.  3,  it  will  be  found  that  the  arms  P 
and  S  are  interchanged,  and  consequently  that  these  letters  must  be 
interchanged  in  the  formula  for  L.  This  changes  equation  (2)  into 
equation  (3). 

Fleming  and  Clinton  have  employed  Anderson^s  method  for  the 
measurement  of  small  inductances,  using  a  battery  and  a  rotating 
comm'utator  and  galvanometer,^  and  later  Fleming  employed  an  inter- 
rupted current,  produced  by  a  vibrating  armature,  and  a  telephone.^ 


FiQ.  4.— Showing  Stroud's  method  as  conjugate  to  Anderson's. 

During  the  past  two  years  we  have  employed  Anderson's  method  for 
the  measurement  of  both  large  and  small  inductances,  using  (1)  a  bat- 
tery as  a  source  of  current  and  a  d' Arson val  galvanometer,  with  a 
rotating  commutator  to  interrupt  and  reverse  simultaneously  the  cur- 
rent and  galvanometer  terminals;  or  (2),  what  has  proved  more  satis- 
factory, an  alternating  current  and  a  vibration  galvanometer,  the  lat- 
ter being  tuned  to  the  frequency  of  the  current  furnished  by  the 
generator. 

2.  ADVANTAOES  OF  THE  METHOD. 

We  have  found  the  method  rapid  and  convenient  in  practice  and  the 
vibration  galvanometer  suflSciently  sensitive  to  permit  very  accurate 
settings.  As  compared  with  other  methods  of  accurately  measuring 
inductance,  it  possesses  striking  advantages,  some  of  which  will  here 
be  spexjifically  mentioned. 


aPhil.  Mag.,5,  p.  493;  1903. 
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{a)  All  methods  of  measuring  inductances  without  the  use  of  a  con- 
denser (or  other  known  inductance)  require  an  accurate  knowledge  of 
the  frequency  of  the  alternating  current  employed.  It  is  not  difficult 
to  determine  accurately  the  mean  frequency  of  an  alternating  current, 
even  when  the  generator  is  inaccessible,  as  a  counter  may  be  employed 
to  record  on  a  chronograph  the  number  of  revolutions  in  a  given  time; 
moreover,  the  speed  of  the  generator  may  be  maintained  sufficiently 
constant  to  enable  good  settings  to  be  made.  But  to  hold  the  speed 
steady  enough  to  make  settings  of  a  high  order  of  accuracy  is  difficult 
and  requires  an  assistant  to  control  the  speed.  With  Anderson's 
method,  even  with  a  tuned  galvanometer,  slight  changes  of  frequency 
are  not  detrimental,  and  hence  the  labor  of  taking  the  observations  is 
greatly  reduced. 

(i)  The  inductance  is  determined  in  terms  of  a  capacity,  in  addition 
to  several  resistances,  which  are  also  required  in  other  methods  of 
measuring  inductance.  A  capacity  can  be  measured  by  Maxwell's 
bridge  method,  using  a  commutator,  with  very  great  exactness,  pro- 
vided care  is  taken  in  choosing  the  resistances  of  the  arms  of  the 
bridge,^  and  also  provided  the  temperature  of  the  condenser  is  taken 
and  a  temperature  correction  subsequently  applied  whenever  necessary. 
The  capacity  of  a  condenser  is  not  the  same  for  slow  charges  as  for 
rapid  charges,  and  hence,  if  Anderson's  method  is  used  for  transient 
currents,  the  capacity  employed  in  the  formula  should  correspond 
to  the  conditions  of  the  experiment.  As  the  successive  makes  and 
breaks  of  the  current  are  likely  to  be  irregular,  the  result  would 
be  that  the  eflfective  capacity  would  vary  slightly  in  successive  trials, 
even  with  the  best  mica  condensers.  On  the  other  hand,  using  an 
interrupted  or  alternating  current  of  constant  frequency,  the  capacity 
is  uniform  and  definite,  and  if  it  is  measured  at  the  same  frequency 
there  is  no  uncertainty  as  to  its  value.  In  our  experiments  we  employ 
an  eight-pole  generator,  giving  four  complete  cycles  in  each  revolu- 
tion. To  this  generator  is  joined  the  commutator  which  is  employed 
in  charging  and  discharging  the  condenser  when  measuring  its  capacity, 
the  commutator  having  four  segments,  and  hence  charging  and  dis- 
charging the  condenser  four  times  in  each  revolution.  Thus  the  fre- 
quency of  charge  and  discharge  of  the  condenser  may  be  made  exactly 
the  same  in  use  as  when  its  capacity  is  measured.  The  change  of 
capacity  of  a  condenser  with  the  frequency  is  very  slight,  but  in  meas- 
urements of  the  highest  accuracy  it  is  well  to  eliminate  the  slight 
uncertainty  due  to  change  of  frequency. 
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In  order  to  maintain  the  frequency  at  the  point  of  maximum  sensi- 
bility a  Maxwell  bridge  is  employed,  as  when  measuring  the  capacity 
of  a  condenser.  The  condenser  capacity  and  resistances  of  the  bridge 
remaining  constant,  any  change  in  speed  causes  a  deflection  of  the 
galvanometer.  An  adjustable  carbon  resistance  in  the  armature  cir- 
cuit of  the  driving  motor  permits  the  speed  to  be  adjusted  so  that  the 
deflection  is  reduced  to  zero.  The  motor  is  driven  by  current  from  a 
storage  battery,  and  hence  the  changes  in  speed  are  relatively  small. 
A  glance  at  the  galvanometer  scale  at  any  time  shows  whether  the 
speed  is  correct,  and  if  not,  it  is  quickly  adjusted  by  means  of  the 
rheostat. 

Fig.  5  gives  the  sensibility  curve  of  the  vibration  galvanometer, 
showing  two  peaks  of  high  sensibility  at  110.6  and  120  vibrations  per 
second,  respectively.  At  a  frequency  of  115  the  sensibility  is  very 
low — much  less  than  it  is  at  frequencies  outside  the  peaks  of  maximum 
sensibility.  The  curve  is  affected  by  changes  of  temperature,  and  can 
be  altered  at  pleasure  by  varying  the  length  and  tension  of  the  suspen- 
sion wire. 

4.  THE  APPARATUS. 

A  Rubens  vibration  galvanometer,^  having  a  resistance  of  200  ohms, 
is  used.  Its  frequency  may  be  varied  between  100  and  200  per  sec- 
ond, but  has  been  used  chiefly  at  about  110. 

The  several  resistances  are  of  manganin,  and  are  all  submerged  in 
oil,  to  prevent  heating  and  to  enable  their  temperatures  to  be  more 
accurately  determined.  The  values  of  these  resistances  have  been 
carefully  measured  every  day  that  measurements  of  inductance  have 
been  made,  when  results  of  the  highest  accuracy  have  been  sought. 
In  series  with  the  resistances  r  and  Q^  and  forming  part  of  them,  are 
two  slide  wires  which  enable  these  resistances  to  be  adjusted  to  0.001 
ohm,  or  even  less,  when  necessary. 

In  order  to  eliminate  as  far  as  possible  the  errors  due  to  slight 
changes  in  the  arms  /^and  R  of  the  bridge,  as  well  as  any  difference 
in  their  residual  inductance  and  capacity,  these  resistances  are  always 
made  equal  and  a  commutator  is  employed  to  reverse  them;  a  pair  of 
readings  is  taken  in  every  case,  the  mean  of  which  is  used  in  the  cal- 
culation. The  resistances  Q  and  S  were  taken  from  two  resistance 
boxes,  in  which  the  higher  coils  are  subdivided  to  reduce  the  electro- 
static capacity  of  the  coil.  We  found  in  some  of  our  early  work  that 
the  residual  capacity  or  inductance  of  noninductive  resistances  may  be 
considerable;  in  the  lower  resistance  coils  the  inductance  predominates, 
and  in  the  higher  coils  the  capacity  predominates.     The  connecting 

«  VV.  Oehmke,  maker,  Berlin. 
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leads  have  substantial  terminals  and  the  resistances  of  these  leads,  in 
thousandths  of  an  ohm,  is  stamped  on  the  terminals.  Their  values  are 
always  included  in  making  up  the  corrected  resistances  of  the  bridge. 
The  measurements  shown  in  Tables  I  and  II,  made  March  23,  illus- 
trate the  results  obtained  in  the  determination  of  inductances  of  one 
henry  and  one-tenth  henry.  An  electromotive  force  of  about  50  volts 
was  employed  on  the  bridge. 

Fig.  6  shows  how  the  commutator  was  connected  to  the  bridge  so 

as  to  reverse  P  and  J?,  which  are  equal.     Formula  (2)  in  this  case 

(Q=S)  reduces  to 

L=CS  (2r+P). 

Columns  4  and  5  give  the  nominal  values  of  r  in  the  two  positions 
of  the  conmiutator,  and  column  5  the  mean  value,  corrected  from  the 


FiQ.  6.— Showing  commutator  for  Interchanging  two 
arms  of  the  Anderson  Bridge. 

results  of  the  latest  comparison  of   the  resistances   with  standard 
resistances. 

Column  9  gives  the  capacity  of  the  condenser  C.  Where  two 
inductances  are  measured  in  series  the  measured  sum  is  given  in  col- 
umn 10,  and  the  sum  of  the  separate  values  are  given  in  the  next  col- 
umn. The  last  column  gives  the  differences  between  these  measured 
values  and  the  sums  of  the  separate  values.  While  these  differences 
are  very  small,  averaging  less  than  one  in  ten  thousand,  they  are 
appreciable  and  always  positive.  This  indicates  that  there  may  be 
some  constant  source  of  error  in  the  bridge. 

5.  SOURCES  OF  ERROR. 

The  results  given  above  show  that  measurements  of  inductance  of 
very  great  precision  can  be  made  by  Anderson's  method,  provided 
there  are  no  constant  errors  of  appreciable  magnitude  entering  into 
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the  results.  Such  errors  might  be  due  to  any  one  of  the  following 
causes: 

(a)  The  residual  inductance  or  capacity  of  the  resistance  r  and  of 
the  arms  of  the  bridge  (not  including,  of  course,  the  inductance  of 
the  coil  in  Q  which  is  being  measured)  may  introduce  a  constant  error 
in  L.  As  stated  above,  we  have  always  made  th^  arms  P  and  R 
equal  in  value  and  reversed  them  by  a  commutator,  in  order  to 
eliminate  any  difference  there  may  be  in  their  resistances  or  in  their 
inductances  or  capacities.  But  the  differences  between  Q  and  8  can 
not  thus  be  eliminated.  The  total  resistance  of  Q  is,  of  course,  equal 
to  S^  since  P=R  (except  for  a  small  change  due  to  residual  induct- 
ances, to  be  discussed  later),  but  pait  of  this  is  in  the  inductive  coil 
itself.  Residual  inductance  in  the  noninductive  part  of  Q  makes  the 
measured  value  of  L  too  large,  and,  conversely,  capacity  would  make 
it  too  small.  The  effect  of  inductance  or  capacity  in  8  is  of  opposite 
sign  to  that  of  Q^  and  hence  if  the  resistances  of  Q  and  8  are  similar^ 
that  is,  made  up  as  far  as  possible  of  the  same  kind  of  coils,  then 
their  effects  will  balance  except  for  that  part  of  8  which  equals  the 
resistance  of  the  inductive  coil.  In  our  work  8  was  fixed  in  any  given 
case,  and  Q  was  varied  to  secure  a  balance;  thus  Q  usually  contains 
a  number  of  small  resistances  in  addition  to  the  slide  wire,  and  these 
can  not  be  counterbalanced  exactly  by  8, 

ij))  The  inductive  coils  must  be  removed  some  distance  from  the 
bridge  and  from  each  other  when  two  or  more  are  measured  at  once. 
This  requires  leads  of  one  to  three  meters  in  length  (for  the  larger 
inductances),  and  these  leads  may  affect  the  measured  value  of  the 
inductance.  If  they  are  close  together,  so  as  to  be  noninductive  (as 
twisted  lamp  cord,  for  instance),  they  possess  an  appreciable  capacity; 
and  if  far  enough  apart  to  be  free  from  capacity,  they  possess  measur- 
able inductance.  In  measuring  small  inductance  coils  the  capacity 
effect  is  small,  and  it  is  better  to  have  the  leads  close  together  and  as 
short  as  is  safe.  With  large  inductances  the  capacity  of  the  leads  is 
more  important,  and  it  is  better  to  have  them  farther  apart,  to  reduce 
it  to  a  minimum.  The  inductance  of  the  leads  can  then  be  calculated 
(or  separately  measured)  and  applied  as  a  correction,  if  desired,  or 
the  same  leads  may  always  be  employed  with  a  given  coil  and  consid- 
ered as  a  part  of  the  coil.  The  inductance  of  the  wires  joining  the 
condenser  to  the  bridge  tends  to  reduce  the  capacity  in  the  ratio  of 

plio  —  or  j^lc  to  unity,  where  I  is  the  small  inductance  of  the  leads; 

on  the  other  hand,  if  these  leads  are  close  together,  their  capacity  is 
added  to  that  of  the  condenser.     In  our  experiments,  where  tiie  leads 
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were  short  and  wide  apart,  both  these  effects  were  inappreciable.  But 
if  currents  of  high  frequency  are  used,  particularly  with  large  capacity, 
the  error  due  to  the  inductance  of  the  leads  may  be  appreciable;  on 
the  other  hand,  with  small  condenser  capacity,  the  error  due  to  the 
capacity  of  lead  wires  near  together  (as  a  twisted  lamp  cord)  may  be 
considerable  and  of  opposite  sign  to  the  other.  In  precision  measure- 
ments, therefore,  care  should  he  taken  that  no  error  is  introduced  in 
this  manner. 

(c)  The  inductive  coil  itself  has  a  certain  electrostatic  capacity  which 
modifies  its  measured  inductance  by  an  amount  depending  on  the  fre- 
quency of  the  current  and  the  inductance  of  the  coil,  as  well  as  its 
capacity."  The  approximate  value  of  the  expression  for  the  measured 
inductance  Z'  in  terms  of  the  true  inductance  Z  is 

Z'=Z  {1+p'cZ)  (4) 

where  c  is  the  electrostatic  capacity  of  the  coil  and  p=27r  times  the 
frequency.  In  practice,  c  is  found  by  measuring  Z'  at  two  different 
frequencies;  it  is  too  small  to  be  important  for  the  smaller  values  of 
inductance  at  low  frequencies.  One  of  our  inductance  coils,  having 
an  inductance  of  1  henry,  has  a  capacity  of  1 X  lO"^*  farads.  For  a 
frequency  of  112,  this  value  makes  the  correction  term  j/  CL  in  the 
above  expression  .00005,  a  quantity  which  can  be  detected,  but  which 
is  not  a  large  error.  If,  however,  the  frequency  were  ten  times  as 
great,  this  term  would  become  .005,  a  very  important  correction. 

The  electrostatic  capacity  of  a  coil  can  be  made  relatively  small  by 
winding  it  in  a  deep  channel,  so  that  there  are  many  layers  and  com- 
paratively few  turns  in  a  layer.  This,  however,  reduces  its  induct- 
ance, and  in  practice  it  is  better  not  to  depart  very  far  from  the  form 
giving  maximum  inductance.  The  electrostatic  capacity  of  the  cord, 
as  already  pointed  out,  increases  the  value  of  this  correction  term. 

(d)  The  capacity  of  the  condenser,  as  already  stated,  can  be  deter- 
mined with  very  great  accuracy,  and  by  taking  careful  account  of  the 
temperature  of  the  condenser  and  its  temperature  coefficient,  there 
will  be  very  little  uncertainty  in  the  value  of  the  capacity.  The  ques- 
tion remains,  however,  as  to  what  effect  the  absorption  in  the  con- 
denser produces  on  the  measured  value  of  the  inductance  when  used 
in  Anderson's  method.  The  effect  of  absorption  is  to  cause  the 
current  to  lag  a  little  behind  its  phase  in  a  perfect  condenser.  That 
is,  it  is  in  advance  of  the  electromotive  force  by  a  little  less  than  90^. 
We  give  below  a  theoretical  investigation  of  this  question,  and  also 

flWien:  Ann.  d.Phys.,  44,  p.  711;  1S91.  Dolezalek:  Ann.  d.  Phys.,  12,  p.  1153; 
1903. 
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experimental  measures,  wherein  the  phase  of  the  condenser  current  is 
shifted  back  by  placing  a  resistance  in  series  with  it.  Fortunately,  the 
error  due  to  the  slight  displacement  of  phase  produced  by  the  small 
absorption  in  a  good  mica  condenser,  is  inappreciable.  The  effect  of 
slight  leakage  is  also  investigated  below,  and  proves  to  be  inappreciable. 

6.  CALCULATION  OF  THE  EFFECT  OF  THE  RESIDUAL  INDUCTANCES  AND 

CAPACITIES  OF  THE  ARMS  OF  THE  BRIDGE. 

Inductance  in  any  arm  of  the  bridge  causes  the  current  to  lag,  while 
capacity  advances  its  phase.    The  angular  lag  due  to  an  inductance  I  is 

^,  and  the  angular  advance  due  to  capacity  is  pcR.    The  latter  value 

follows  from  the  fact  that  the  capacity  c  is  in  parallel  with  the  resist- 
ance.   The  current  through  the  resistance  is  -^  ;  the  capacity  current 

Jti 

90°  ahead  of  this  i^pcE.  The  ratio  of  these  two  currents  is  pcR^  and 
this  is  the  angle  of  advance  of  the  resultant  current.     If  ^  =  pcR^ 

the  current  will  have  the  same  phase  as  though  both  capacity  and 
inductance  were  absent.  Thus,  \il  =  cIP  the  coil  may  be  considered 
free  from  inductance;  if  Z  <  cR^^  it  may  be  considered  to  possess  nega- 
tive inductance  equal  to  cR^  —  I, 


Fio.  7.— Network  of  Anderson  Bridge,  with  currents, 
resistances,  inductances,  and  impedances  of  the  arms 
separateiy  indicated. 

The  actual  values  of  these  residual  positive  or  negative  inductances 
vary  widely,  according  to  the  length  of  wire  on  a  coil,  and  its  size,  thick- 
ness of  insulation,  and  manner  of  winding.  High-resistance  coils, 
made  of  many  turns  of  fine  wire  wound  in  the  usual  noninductive 
manner,  have  relatively  large  capacity,  which  we  here  regard  as  nega- 
tive inductance.  In  low-resistance  coils  of  fewer  turns  of  coarse  wire 
the  inductance  predominates,  and  I  is  therefore  positive. 
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To  calculate  the  effect  of  these  residual  inductances,  we  shall  form 
the  equations  for  the  networks  of  the  Anderson  bridge,  assuming  each 
branch  to  have  positive  or  negative  inductance,  and  solve  for  L  the 
inductance  of  the  coil  to  be  measured.  In  fig.  7  the  resistances, 
inductances,  impedances,  and  currents  in  each  arm  of  the  bridge  are 
indicated,  and  the  positive  directions  of  the  currents  are  shown  by 
arrows.    Thus, 

g^  P,  Q^  -ff,  xS,  r,  0,  B  are  the  resistances. 

^09  ^1?  ^91  ^8»  ^i^  ^6*  ^>  h  ^r®  ^^  small  inductances,  +  or  — . 

6^09  ^9  (h'i  ^31  ^49  ^69  ^69  ^  ^^®  ^^^  Impedauccs. 

w,  a?,  y,  a?  —  2,  y  +  i*,2, 2  —  w,  a?  +  y  are  the  currents. 

The  values  of  the  impedances  in  the  eight  branches  of  the  bridge  are 
then  as  follows: 

a^'=S+ipl^  ]  (5) 

Applying  Kirchhoff's  law  to  the  four  circuits  A  C  By  C  B  E^ 
EBD^ADByW^  have  the  following  equations: 

aj^m^  2)  —aj^z  —v)    —a^z  =0 

Rearranging  the  terms  of  these  equations,  we  have 

a^ic-^aiX—a^y-^a^z  =0 

{ao+a^+a^)u+a^—a^z  =0 
a^n+a,x+{a^+a^  +a^)y=E 


(6) 


(7) 


Solving  for  u^  the  current  through  the  galvanometer,  we  obtain 


^=J 


0 
0 
0 


0 


—a. 


a. 


0   —  («8+«6+««) 


a. 


—a. 


E   a^  {a^+a^+a^)      0 

2214— No.  3—05 2 


E 

A 


a,  — a, 


a. 


«8  0      —  («8  +  «6+«6) 


0 


a. 


— a- 


(8) 
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or 


If  w=0,  we  then  have 

(h   ^4  (^8  +  «6+^6)~"<^8  ^t  ^l  +  ^S  ^4  «6  =  ^ 
«1  <h  ^4  +  ^1  «4  «5  +  ^l  «4  ^6  +  ^  ^4  «5"~^  ^8  «6  =  ^  W 

Substituting  the  values  of  the  impedances  given  in  (5)  above,  we 


have 


(P+ipl,)  {R+iph)  {S+4pl,)+{P+ipl,)  (S+ipl,)  (r+iph) 
+{P+iph)  {S+ipk)  X^HH+iph)  {S+iph)  {r+ipl,) 

-{Q+ip{h+L))  {R+ipl,)^=0 


(10) 


Separating  the  real  and  imaginary  parts,  we  have  first,  for  the  real 
part 

Transposing  and  dividing  by  -^'> 

L=L,+  a^p  (12) 

If  the  small  inductances  2j,  /,,  Z,,  Z^,  l^  are  all  zero,  as  in  the  ideal 
case,  the  last  two  terms  disappear  and 


(D 


or 


:=C';5r 


R 


^1 


(13) 


P.Q 


and  since  in  the  Wheatstone  bridge -d=-^  we  have 

L^C[riQ+S)+PS\, 

which  is  the  expression  (2)  given  above  for  the  inductance  by  Ander- 
son's method. 

The  last  term  fi  in  equation  (12),  having  a  coeflScient^^-w-  is  negli- 
gible, unless  the  freauency  is  very  high  or  the  residual  inductances 
excessive. 
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The  second  term  ot  gives  the  principal  correction  due  to  the  induct- 
ances in  the  four  arms  of  the  bridge.  It  will  be  seen  that  the  induct- 
ance of  the  resistance  r  enters  only  in  >^,  which  is  negligible  when  Z^ 
is  small,  and  the  galvanometer  inductance  has  disappeared  entirely 
from  the  equation.     The  second  term  a  consists  of  four  parts,  two  of 

which  are  positive  and  two  negative.     The  part  -g  ^iS—l^Q)^  due 
to  the  two  arms  P  and  R^  is  eliminated  in  our  experiments  by  making 

P=R  and  reversing  P  and  R.    The  remainder  -g  (^4  P—h  R)=li—lt 

(since  P=i?)  is  due  to  the  two  remaining  arms  Q  and  S.     As  stated 

above,  if  these  two  arms  consist  of  resistances  made  up  of  similar 

coils,  (i.  e.,  coils  of  the  same  resistance  wound  in  the  same  manner  with 

the  same  size  wire)  their  inductances  will  be  nearly  equal.    They 

might  be  exactly  equal,  if  the  inductive  coil  Z  had  no  resistance.     It 

is  therefore  desirable  to  have  Z3  and  l^  as  nearly  equal  as  possible,  and 

then  when  necessary  apply  a  correction  for  their  difference. 

If  we  divide  the  expression  for  a  in  equation  (11)  above,  by  Q^ 

PS 
remembering  that  Q  =  -w-  (approximately),  we  obtain 


«=«[?-|4-l] 


(14) 


where  ^j,  ^„  ^j,  ^^  are  the  phase  angles  of  the  currents  in  the  four 
arms  of  the  bridge,  due  to  the  combined  inductance  and  capacity  of 
the  resistances  P,  Q,  R^  S^  neglecting,  of  course,  the  inductance 
Z  in  Qy  which  is  to  be  measured.  These  angles  may  be  positive  or 
negative.  If  they  are  all  equal,  or  if  ^1+^4=^,+^,  (algebraically) 
the  correction  term  reduces  to  zero. 

As  we  shall  show  below,  these  angles  are  appreciable  in  the  ^^nonin- 
ductive"  windings  usual  in  resistance  boxes,  and  the  correction  a  is 
therefore  important  in  precision  work,  llie  resistances  may,  how- 
ever, be  so  wound  and  adjusted  as  to  make  the  angles  ^  inappreciable. 

The  imaginary  part  of  equation  (10)  above  gives 


PS-RQ=j>\l,  Z,-/,  {l,+Z))+p'C[PRl,+  SR  ik+k) 
+PS{l,+l,)+r{Sl,+  Sl,+Pl,+Rl,)]-p'C{l,l,+l,l,+hl,)l,  =  r 


(15) 


If  Z„  Z„  Z,,  ^4,  ?5  are  all  zero,  this  reduces  to  PS—RQ=Oj  which  is  the 
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condition  for  the  Wheatstone  bridge  and  the  condition  assumed  in  the 
ideal  Anderson  bridge.     But  when  these  quantities  are  not  zero  this 

condition  does  not  hold  and  Q  is  not  equal  to  — ^.    Consequently,  an 
error  is  introduced  in  calculating  Z  from  the  formula  (2)  of  Anderson, 

po 

unless  Q  is  assumed  equal  to  -^,  instead  of  using  its  actual  value. 

The  variation  of  Q^  due  to  changes  in  one  or  more  of  the  small 
inductances  I  (P,  i?,  and  8  remaining  unchanged),  is  illustrated  in  some 
of  the  examples  given  below. 

7.  ILLUSTRATION  OF  THE  FOSMUUB. 

In  order  to  ascertain  the  order  of  magnitude  of  the  corrections  a 

and  /3  of  formula  (12),  and  the  variation  of  PS—RQ  from  zero  in 

(15),  we  shall  assume  the  following  values  of  the  constants  for  cases  I, 

n,  and  III: 

Z=l  henry, 

C=^l  microfarad, 

P=  5=260  ohms, 

xS=500=  Q  (approximately), 

r=875, 
y= 500,000. 

Inductancbb  in  Micbohenbyb. 


Case. 

1 

II 

III 

IV 

h 

-  2 

+26 

-  50 

-1,600 

', 

+  2 

+40 

+100 

-    250 

It 

+  2 

+25 

+  50 

0 

h 

2 

+50 

-100 

-6,000 

h 

+10 

+50 

+100 

+     100 

Case  I  is  supposed  to  represent  a  specially  wound  bridge  in  which 
all  the  inductances  are  small,  but  in  order  to  make  it  represent  the 
most  unfavorable  case  two  are  taken  positive  and  two  negative,  so  as 
to  give  a  maximum  value  to  the  error  a. 

Case  II  represents  a  favorable  arrangement  where  the  coils  are  sim- 
ilar and  the  inductances  all  positive,  but  with  larger  values  than  those 
of  case  I,  being  such  as  might  be  expected  in  practice. 

In  Case  UI  we  have  assumed  that  Pis  a  single  coil  of  fine  wire,  hav- 
ing the  capacity  effect  greater  than  the  inductance  by  an  amount 
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equivalent  to  a  negative  inductance  of  50  microhenrys,  whereas  M  is 
made  up  of  several  coils  of  coarser  wire,  giving  a  smaller  capacity  and 
larger  inductance,  and  hence  Z,  is  taken  as  +50.  Similarly,  S  is  sup- 
posed to  be  a  single  coil  of  600  ohms,  with  capacity  predominating, 
and  equivalent  to  a  negative  inductance  of  100  microhenrys,  while  Q 
is  the  sum  of  several  smaller  coils,  and  l^  is  therefore  positive  and 
equal  to  100  microhenrys.  This  is  perhaps  an  extreme  case,  but  not 
an  improbable  one. 
In  case  IV  larger  resistances  are  assumed,  viz: 

P=  1,000  =  ^  (approximately). 
^=;S'=  5,000. 

r=838.8. 

6^=0.1  microfarad. 

P,  Q^  and  S  are  assumed  to  have  negative  inductances,  each  being 
supposed  to  consist  of  a  single  coil  (or  mainly  of  large  coils^  as  in  the 
case  of  Q\  while  B  is  supposed  to  be  made  up  of  smaller  coils  having 
the  inductance  and  capacity  balanced.  The  values  of  the  inductances 
chosen  for  P,  Q^  and  S  are  approximately  those  found  in  noninductive 
resistances  of  such  magnitudes. 

Substituting  the  above  values  of  the  constants  in  equation  (11)  we 
find  the  following  values  of  a  and  P\ 


Case. 

Lo 

a 

fi 

I 

II 
III 
IV 

1  Henry 
1      ** 
1      " 
1     " 

-0. 000012 
+0. 000010 
-0.000400 
-0.002250 

•f      4  X  10"" 
-  1.0  X  10" • 
+  1.2  X  10"* 
-34      X  10~  ^ 

These  results  show  that  the  ft  term  is  small  in  comparison  with  a, 
and  may  be  neglected.  The  correction  a  is  as  large  in  case  I  as  in 
Case  II,  showing  that  if  the  several  small  inductances  are  all  of  the 
same  sign,  and  proportional  to  the  resistances,  they  cancel  out,  except 
for  the  necessary  inequality  in  l^  and  Z^,  due  to  the  resistance  of  the 
coil  to  be  measured.  If  the  inductances  of  the  coils  are  adjusted  to 
as  small  values  as  2  microhenrys  for  each  arm,  they  may  be  either 
positive  or  negative  without  making  the  error  appreciable,  as  the  error 
in  case  I,  with  /^  and  l^  opposite  in  sign  to  l^  and  ^  is  the  greatest  pos- 
sible for  such  values  of  ly^  /,,  Z,,  l^. 
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The  results  shown  in  Table  III  illustrate  the  importance  of  the  cor- 
rection term  a  for  coils  of  smaller  inductances,  namely:  100, 10, 1, 0.1, 
and  0.01  millihenry s. 

Table  m. — Showing  the  Values  op  the  CoRRBcrnoN  a  por  Various  Values 
OP  Inductances  and  the  Corresponding  Values  op  Capacities  and  Resistances. 


Indac- 
tance  to 
be  meas- 
ured. 

ORpac- 
ity. 

P=R 

li 

It 

Q  =  5 

I. 

Micro- 
henrys. 

I, 

Micro- 
henrys. 

r 
Ohms. 

a 

MUli- 
henrtjs. 

Micro- 
farads, 

Ohms. 

Micro- 
henrys. 

Micro- 
henrys. 

Ohms. 

MiUi- 
henrys. 

100 

1.0 

250 

+2 

-2 

250 

-2 

+2 

75 

0.008 

10 

0.4 

100 

+1 

-1.0 

100 

-1 

+1 

75 

0.004 

1 

0.1 

50 

-hO.5 

-0.5 

100 

-1 

+1 

25 

0.004 

0.1 

0.05 

20 

+0.5 

-0.5 

50 

-0.5 

-1-0.5 

10 

0.0045 

0.01 

0.02 

20 

-1-0.5 

-0.5 

20 

-0.5 

-f-0.5 

2.5 

0.002 

It  will  be  seen  that  the  error  a  in  the  case  of  100  millihenrys  is 
scarcely  appreciable,  but  that  in  the  others  it  is  appreciable  and  in 
the  smaller  coils  it  amounts  to  several  per  cent.  These  computed 
errors,  as  before,  are  the  maximum  values  for  the  assumed  residual 
inductances,  since  we  have  taken  Z,  and  l^  of  opposite  sign  to  Z,  and  /,. 
In  practice  we  should  therefore  expect  smaller  errors  on  the  average 
unless  the  values  of  the  Ts  are  larger.  If  the  coils  are  not  wound  to 
a  minimum  value  of  the  inductance,  the  errors  may  be  much  larger 
than  those  above.  It  is  therefore  our  practice  in  measuring  small 
inductances  to  take  them  by  difference,  leaving  P,  i?,  and  S  unchanged 
and  altering  Q  to  compensate  for  the  resistance  of  the  coil  to  be  meas- 
ured. If  the  inductances  of  the  resistances  of  Q^  or  at  least  of  the 
part  to  be  replaced  by  the  coil  to  be  measured,  are  accurately  known, 
the  difference  of  two  determinations  gives  the  true  inductance  desired. 

The  value  of  PS—RQ  is  found  from  equation  (15)  by  substituting 
the  values  of  the  resistances  and  residual  inductances.  In  case  /above, 
S^Q  is  only  —.003  ohm,  while  in  Case  /Fit  is  —4.55  ohms.  In 
other  words,  Q  is  larger  by  4.55  ohms  in  a  total  of  1,000  when  the 
bridge  is  exactly  balanced  for  alternating  current  than  it  is  for  a 
direct-current  balance.  Consequently,  if,  as  is  sometimes  done,  the 
bridge  is  balanced  with  direct  current,  and  then  an  alternating  current 
is  applied,  the  resistance  balance  no  longer  holds,  if  there  are  residual 
inductances  and  capacities,  and  Q  may  require  a  change  of  several 
ohms  to  secure  the  resistance  balance,  the  inductive  balance  being 
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eflfected  as  we  have  seen  above  by  varying  r.  In  calculating  Z,  how- 
ever, no  account  need  be  taken  of  ^,  as  it  is  eliminated  from  the 
expression  (18)  for  L.  Hence  there  is  no  occasion  to  calculate  the 
value  of  y  in  (15). 

* 

8.   EFFECT   OF   RESISTANCE   IN    SERIES   AND   IN   PARALLEL   WITH   THE 

CONDENSER. 

As  a  mica  condenser  is  not  entirely  free  from  absorption  and  might 
also  show  slight  leakage,  it  is  desirable  to  ascertain  how  large  an  error, 
if  any,  is  produced  by  using  such  a  condenser  instead  of  the  ideal  con- 
denser assumed  in  the  theory  of  the  Anderson  bridge,  namely,  one  in 

which  the  impedance  is  -5—^.  Resistance  in  series  with  a  perfect  con- 
denser produces  the  same  phase  displacement  as  a  certain  amount  of 
absorption,  and  resistance  in  parallel  with  the  condenser  has  the  effect 
of  leakage  or  imperfect  insulation.     In  a  good  mica  condenser  the 


Fio.  8.— Resistance  in  series  and  in  parallel  with  the  condenser. 

phase  of  the  current  with  a  frequency  of  100  per  second  should  dif- 
fer from  quadrature  with  the  electromotive  force  by  not  more  than 
one  minute  of  angle,  and  may  be  as  small  as  30",  although  it  may  be 
several  minutes  in  inferior  condensers  (even  as  high  as  30').  For  paper 
condensers  the  angle  may  be  as  small  as  4'  and  as  large  as  several 
degrees.  For  a  condenser  of  one  microfarad  capacity,  with  a  frequency 
of  100  per  second,  30"  of  angle  corresponds  to  a  resistance  in  series 
with  the  condenser  of  0.23  ohm,  whereas  30'  would  correspond  to  a 
resistance  of  14  ohms. 

In  other  words,  such  resistances  in  series  with  perfect  condensers 
would  give  currents  of  the  same  phases  as  the  imperfect  condensers 
employed.  A  leakage  resistance  less  than  a  thousand  megohms  would 
never  occur  in  a  good  condenser.     We  shall  now  calculate  (1)  the  effect 
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of  introducing  resistance  in  series  with  the  condenser  to  correspond 
with  absorption  and  (2)  of  placing  a  high-resistance  shunt  around  the 
condenser  to  represent  leakage.  In  fig.  8  these  two  resistances  are 
represented  by  r^  and  rg.  If  we  substitute  the  values  of  the  impe- 
dances of  the  arms  of  the  bridge  in  formula  (9),  we  shall  obtain  an 
expression  for  the  inductance  to  be  measured  in  the  same  manner  as 
before.  In  this  case,  however,  we  assume  for  convenience  that  the 
resistances  P,  Qy  J?,  S^  and  r  are  all  free  from  inductance  or  capacity 
(except,  of  course,  Z  in  Q)^  and  hence 

a^=R 
a,=S 

a,=ri+j— Tyin  the  first  case, 
and  a^=  .«  ■  . '^^    in  the  second  case. 

(a)  Sesistance  in  series  with  the  condenser. — Exjuation  (9)  becomes, 
when  the  above  values  of  the  impedances  are  substituted, 

FBS+P8r+PS  {r,+^)+RST^{Q+ipL)  (n+j^)  R^O  (16) 

Separating  the  real  and  imaginary  parts,  we  have,  first,  for  the  real 
part, 

PS  iR+r+r,)+RSr-  QRr,-^  R=0 
or,  Z=  CS[J^^+P]+  Or,  [^-  Q]  (17) 

The  first  term  of  this  expression  is  the  same  as  that  of  (13),  and  is 

the  value  of  Z  when  r^  is  zero,     -ig — Q  would  be  zero  in  the  ideal 

bridge.    To  find  its  value  in  this  case  we  make  use  of  the  imaginary 
part  of  (16)  above. 
This  imaginary  part  is 

PS-JiQ    .  ^„       . 
—j^-ipLRr,=0 

or,  PS-  RQ=  -fLRr^  C. 

Whence  Q=^-{-p*Lr,a  (18) 


? 


2S;^  ]  MEASUREMENT   OF   INDUCTANCE.  313 


PS 

Substituting  the  value  of  -g —  Q^  derived  from  (18),  in  equation  (17), 

we  have 

X=6^/S[r^-^^^+P]-i>V,«Z(7«  (19) 

In  fig.  9  ,which  is  the  impedance  diagram  of  a  con- 
denser, i\  is  the  series  resistance,  equivalent  (in  its 
effect  upon  the  phase  angle)  to  the  absorption,  and  0  is 
the  small  angle  by  which  the  current  falls  short  of 
90^  in  its  phase  relation  to  the  impressed  electromo- 
tive force.  Hence  tan  d—pCr^.  Substituting  in  (19) 
above, 

L=L^-L  tan*  6 

or,  Z=Z,  (l-tan«  6)  (20)  ,^ 

Fio.  9.~Impedaiice 

since  Zo,  the  value  of  L  when  the  correction  is  zero,  is  di««»™  <>'  «^  *™- 
substantially  the  same  as  L.  In  the  best  mica  con- 
densers, as  stated  above,  0  is  about  half  a  minute,  and  tan  6  is 
0.00015;  tan"  0  is  therefore  only  about  two  parts  in  a  hundred  million. 
Hence  the  angle  0  might  be  ten  time^  as  large  without  producing  an 
appreciable  error,  although  in  some  mica  condensers  that  we  have 
tested  the  angle  is  large  enough  to  produce  a  sensible  error. 

(J)  Hesiatance  inpa/raUd  with  the  condenser. — Substituting  ^  ■   .*  p 

for  a^  in  equation  (9)  above,  we  get  a  solution  for  the  case  of  resistance 
in  parallel  with  the  condenser.    The  direct  substitution  gives 

The  real  part  of  this  is 

PRS+PSr+RSr+iFS-  RQ)r,=0 

Hence,  Q-^4^^^+^^ 


or, 


Q-^=to  (22) 


Thus,  the  variation  in  ^  is  inversely  proportional  to  r„  the  shunt 
resistance,  and  to  the  capacity  of  the  condenser,  and  directly  propor- 
tional to  Z.  The  leakage  resistance  through  a  condenser  is  inversely 
proportional  to  the  capacity,  so  that  in  general  r,  C  is  independent  of 
the  value  of  the  capacity,  but  depends  on  the  quality  of  the  condenser. 
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If  r,=1000  megohms  and  (7=1  microfarad,  r,  (7=  1000  and  the  varia- 
tion of  ^  is  in  that  case  very  small. 
The  imaginary  part  of  equation  (21)  above  is 

Ci\{PES+PSr+RSr)=Lr^R 
or,  L=CS[r'-^^^+P^=Lo  (23) 

This  is  equation  (13),  and  shows  that  r,  has  no  effect  whatever  mi  the 
measured  value  of  L. 

9.  VERIFICATION  OF  FOKMUUB  11,  18,  19,  22,  23. 

In  Table  IV  the  results  are  given  of  a  series  of  measurements  made 
to  verify  formula  (11)  by  introducing  a  small  inductance  successively 
in  each  of  the  arms  of  the  bridge;  the  ft  teim  in  this  formula  is  negli- 
gible, in  comparison  with  or,  except  for  the  case  of  inductance  in  r 
only,  in  which  case  a  is  zero  and  the  ft  term  has  then  been  computed. 
This  is  the  fifth  case  in  the  table,  where  the  observed  change  {^  ft  in 
this  case,  as  Ja=o)  is  0.01  millihenry,  whereas  the  calculated  effect  is 
still  smaller.  But  the  inductance  coil  measured  has  an  inductance  of 
1  henry,  and  hence  the  observed  change  is  only  one  part  in  a  hundred 
thousand^  a  quantity  barely  measureable. 

If  we  differentiate  formula  (12)  we  have,  since  Z  does  not  change 
when  the  inductance  coil  is  inserted  in  any  arm  of  the  bridge,  and  >^ 
is  assumed  zero, 

or,  ^a=  —  JZo 

where  J  a  is  the  change  produced  in  the  a  term  by  the  insertion  of  the 

given  coil  in  any  arm  of  the  bridge,  and  JZo  is  the  change  in  the  first 

term  of  equation  (11)  or  (12);  that  is,  in  the  computed  value  of  Z 

apart  from  the  correction  terms. 

For  example,  in  the  first  case,  0.5  millihenry  was  inserted  in  the 

arm  Q^  and  hence  Z,  was  increased  by  0.5  millihenry.     The  second 

R 
term  of  the  a  correction  was  therefore  increased  by  0.5X^=0.500 

millihenry.     The  observed  value  of  ^Zo  in  this  case  was  the  same.     In 
case  3,  the  addition  of  0.5  millihenry  in  P  changed  the  first  terra  of 

theof  correction  by  0.5  X-p= 1.000  millihenry,  whereas  the  measured 
change   was  0.999   millihenry.     In    the   fourth   case   the  difference 
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succession  in  series  with  the  condenser,  the  latter  having  a  capacity  of 
2  microfarads.  The  changes  in  r  were  determined  as  before,  and  the 
changes  in  i©  resulting  therefrom  were  computed,  and  these  compared 
with  ^Vi(7*i, (formula  19).  The  changes  in  ^  were  computed  from 
equation  (18)  and  compared  with  the  changes  in  the  noninductive  part 
of  the  arm  Q,  namely,  Q, 

These  measurements  were  made  before  the  introduction  into  the 
bridge  of  the  slide  wire,  which  permits  settings  to  0.001  ohm,  and  hence 
were  not  quite  as  accumte  as  those  previously  given.  Nevertheless 
the  agreement  between  the  observed  and  calculated  values  is  excellent. 

Table  Vll  gives  the  results  of  measurements  made  to  verify  fonnulse 
22  and  23.  Two  series  of  measurements  were  made.  In  one  a  megohm 
box,  consisting  of  10  coils  of  100,000  ohms  each,  was  used  to  give 
resistances  varying  from  1,000,000  to  12,500  ohms,  using  various  com- 
binations of  coils  in  series  and  in  parallel.  In  the  other  a  box  of  10 
coils  of  10,000  ohms  each  was  used,  the  coils  being  used  in  series 
only.  In  both  cases  the  capacity  of  the  coils  produces  a  distinct  effect 
on  the  measured  value  of  Zo,  and  hence  we  have  assumed  formula  (23) 
to  be  correct  and  have  calculated  the  values  of  the  capacities  of  the 
coils,  which  will  account  for  the  differences  observed.  They  are  given 
in  the  seventh  column,  and  the  capacity  of  one  coil  deduced  from  the 
measured  capacity  of  the  several  coils  is  given  in  the  eighth  column, 
^hese  deduced  capacities  per  coil,  averaging  0.00186  microfarad  in 
the  case  of  the  second  box,  agrees  quite  well  with  an  independent 
measurement  made  some  months  ago  by  a  dynamometer  method  which 
gave  0.00195  microfarad  for  the  average.  It  will  be  noticed  that  the 
changes  in  Q  are  considerable  and  that  the  observed  and  calculated 
values  agree  quite  closely.  These  differences,  however,  can  not  be 
determined  with  great  accuracy,  as  the  resistance  of  the  inductive  coil 
(wound  with  copper  wire)  varies  from  time  to  time;  hence  Q  varies 
from  this  cause  when  Q  is  constant.  The  results,  however,  abundantly 
justify  the  formulae  (22  and  23). 

10.  GRAPHICAL  SOLUTION  OF  THE  ANDERSON  BRIDGE. 

A  graphical  solution  of  Anderson's  bridge  is  interesting  and  shows 
very  simply  some  of  the  results  derived  above  analytically.  If  the 
bridge  is  balanced  and  no  current  is  flowing  through  the  galvanometer, 
we  may  consider  that  the  connection  E  D\^  removed.  The  condition 
of  the  bridge  is  (the  same  electromotive  force  acting  on  the  upper  half 
of  the  bridge  from  J.  to  ^  as  on  the  lower  half)  that  E  and  D  are 
always  at  the  same  potential. 

To  construct  the  electromotive-force  diagram  for  the  upper  half  of 
the  bridge,  we  lay  oS  C  B  (tig.  11)  to  represent  the  emf.  acting  on  the 
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arm  R  of  the  bridge.    The  same  electromotive  force  acts  on  the 
branches  C  E  B^  consisting  of  the  resistance  r  and  the  condenser  of 

impedance  — ry.    Therefore,  in  a  semicircle  described  on  C  B  9A  9k 

diameter  construct  a  right-angled  triangle  C  E  B^  the -sides  C  E  and 

1 
B  J?  being  proportional  to  r  and  -yy,  respectively.     C  Eis  then  equal 

to  ^5,  the  emf.  acting  on  r,  the  fifth  aim  of  the  bridge,  and  E  B  =  e^^ 


Pio.  10.— Andenon  Bridge.    When  balanced,  galvanometer  may  be  removed. 

the  emf.  on  the  condenser.  C  d  and  C  h  are  the  currents  in  r  and  B^ 
respectively  (calculated  from  the  electromotive  forces  and  resistances), 
and  their  resultant  C  V  equals  the  current  in  the  arm  jP— that  is,  i^. 
Of  course  i^  is  also  the  current  through  the  condenser.  The  emf.  act- 
ing on  the  arm  Pis  in  phase  with  the  current  C  J',  since  Pis  non- 
inductive.    Therefore,  if  we  project  C  V  backward  to  .i,  so  that 


Fio.  11.— Vector  diagram  of  Anderson  Bridge. 

(7  J.  =  ij  X  P,  G  A\A  the  emf.  e^  acting  on  P,  and  the  vector  sum 
oi  A  C  and  C  B^or  A  B^  will  be  the  total  emf.  on  the  bridge. 

Since  the  lower  half  of  the  bridge  has  the  same  emf.  acting  on  it 
and  the  point  D  has  the  same  potential  as  E^  it  is  evident  that  the  tri- 
angle ^  ^^  is  also  the  emf.  triangle  of  the  lower  half  A  D  B.  This 
enables  us  to  find  graphically  the  inductance  L  in  the  branch  Q. 
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Lay  off  DB  (fig.  12)  equal  to  EB  (fig.  11),  since  the  same  emf .  acts 
on  these  two  branches,  which  terminate  at  the  common  point  B^  their 
initial  ends  j&'and  D  having  the  same  potential.  Draw  lines  DA  and 
BA  so  that  the  triangle -42)^  is  equal  to  the  triangle  AEB  of  fig.  11. 
ADB  is  then  the  emf.  triangle  of  the  lower  half  of  the  bridge,  and 
AD  is  the  emf.  e^  expended  on  the  branch  Q,  Of  this,  DO^  perpen- 
dicular to  DBy  overcomes  the  reactance  />i,  and  A  O^  perpendicular 
to  DG^  overcomes  the  resistance  Q.  This  construction  gives  L  when 
p  is  known. 

But  jE>  need  not  necessarily  be  known,  as  the  values  of  the  capacity 
and  resistances  of  the  bridge  are  independent  oi  p.    The  distribution 


Fig.  12.— Qiaphical  aolution  of  Andenon  Bridge. 

of  electromotive  forces  is,  however,  affected  by  the  frequency,  and 
hence  the  emf.  triangle  depends  on  p.  If,  however,  any  convenient 
value  of  jE?  be  assumed  in  constructing  figures  11  and  12,  the  same 
value  of  L  will  be  derived  from  DG;  that  is,  DG  will  always  come 
out  proportional  to  p. 

The  inductance  Z,  derived  from  DG^  is  the  total  inductance  of  the 
branch  Q;  hence,  if  that  part  of  the  resistance  of  Q  not  included  in 
the  inductance  coil  to  be  measured  possesses  positive  or  negative 
inductance  (Z,),  this  must  be  subtracted  from  the  measured  value  (Z^)  to 
obtain  the  true  inductance  of  the  coil  Z. 

If  the  branch  S  contains  inductance  Z^,  DBB'  will  be  its  voltage 
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triangle,  and  the  angle  ^^  will  be  -^.    The  triangle  ADB^  which  still 
represents  the  distribution  of  voltages,  both  in  the  upper  and  lower 


Pio.  18.— Solutioii  when  ana  8  has  indootance  l^. 

halves  of  the  bridge,  will  therefore  be  rotated  through  the  angle  ^« 
into  the  position  ADB\  where 

AU^AA  sin  AAH^AA  sin  ADO 
Hence,  0&=ADx<^,X^^<^,xQi,=^{pL)i, 

This  is  the  value  of  the  correction  due  to  l^  found  above  analytically 
and  given  by  equations  (11)  and  (14),  neglecting  small  quantities  of 
the  second  order  occurring  in  the  ft  term.  A  similar  construction 
obviously  applies  to  the  case  of  capacity  in  the  resistances;  that  is, 
to  negative  inductance. 

11.  RESISTANCE  IN  SERIES  AND  IN  PARALLEL  WITH  THE  CONDENSER. 

Fig.  14  is  the  electromotive-force  diagram  for  the  Anderson  bridge 
on  which  100  volts  is  impressed,   the  frequency   being  such  that 
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j^= 500,000  and  j9=707,  approximately,  and  fig.  15  is  the  correspond- 
ing case,  with  60  ohms  inserted  in  series  with  the  condenser.  CF  now 
represents  the  fall  in  potential  through  r  and  r^  (fig.  8);  but  since  the 
galvanometer  is  joined  to  E^  between  r  and  r^,  the  triangle  AEB^  and 
not  AFB^  represents  the  electromotive  forces  of  the  lower  half  of  the 
bridge.  The  values  of  the  several  electromotive  forces  and  currents 
have  been  accurately  calculated  from  formula  (19)  and  marked  in  the 
figures.    The  effect  of  inserting  r^  in  the  condenser  circuit  is  to 


e»ioo 


Fio.  14.— Electromotive  force  dlagTam  of  Anderson  Bridge,  having  100  volts  applied  to  terminals. 

decrease  the  currents  %  and  \.  Their  resultant,  however,  is  increased, 
as  the  angle  0^  between  them  is  decreased  sufficiently  to  more  than 
offset  the  decrease  in  the  separate  currents.  The  current  i^  is  there- 
fore increased,  and  ^  is  increased  in  consequence.  The  side  EB^  the 
fall  in  potential  in  S^  is  decreased.  This  shows  that  the  current  in 
the  lower  half  of  the  bridge  is  decreased,  since  S  is  noninductive. 
But  AE^  the  emf .  on  Q,  is  increased;  and  since  the  current  through  Q 
is  decreased,  it  follows  that  the  impedance,  and  therefore  the  resist- 


•  •100 


Fio.  16. 


of  Fig.  14  modified  by  60  ohms  resistance  in  series  with  the  condenser. 

ance,  is  increased,  as  is  found  in  practice.  In  this  case  Q  changes 
from  600  to  626  ohms.  The  change  in  r  is  very  slight — in  this  case 
from  876  to  876.26.  The  change  in  Z^  is  also  very  slight.  Its  value 
is  given  by  equation  (19),  but  can  not  be  deduced  easily  geometrically. 
Fig.  17  shows  the  effect  of  placing  10,000  ohms  in  parallel  with  the 
condenser.     In  this  case  the  current  t^  through  t  splits  into  two  parts, 
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%  through  the  condenser  and  i^  through  /■,,  these  two  components  being 
at  right  angles  to  each  other.  The  result  is  to  reduce  the  voltage  on 
the  condenser^  and  hence  also  the  current  through  the  condenser. 
The  current  z^  (the  sum  of  ^,  and  i^)  is  less  than  before,  and  ^  is  also 


e  - 100 
Pio.  16.— Same  as  Fig.  14. 


less.  Nevertheless,  their  sum  is  greater,  as  the  angle  0^  is  reduced 
(as  in  the  case  of  resistance  in  series)  more  than  enough  to  offset  the 
reduction  in  the  components.     It  is  remarkable,  in  spite  of  all  these 


Fio.  17.— Showing  effect  of  10,000  ohnu  in  parallel  with  the  condenser.    Other  conditions  same  as  in 

Fig.  14. 

changes  and  the  large  change  in  Q  (in  this  case  from  500  to  600  ohms), 
that  r  is  enti/rekf  unchanged  and  the  observed  valtie  of  Z  is  also 
wwhanged, 

12.  MEASUREMENTS  OF  INDUCTANCS. 


We  give  in  Tables  VIII,  IX,  X,  and  XI  the  results  obtained  on 
several  inductance  coils  of  100  millihenrys  and  smaller,  measuring 
them  singly  and  in  series  in  groups  of  two  or  three.  The  two  ratio 
coils  P  and  R  were  each  time  reversed  by  a  commutator  and  two 
settings  of  the  variable  resistance  r  made.  These  two  independent 
values  of  r  are  given  in  columns  3  and  4,  and  their  mean  value  in 
column  5.    Referring  to  equation  (13)  above,  if  P=  5,  the  inductance  is 


Z=CS{2r+P) 


(24) 
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The  values  of  2r+P  are  given  in  column  6  of  the  tables.  The 
temperature  of  the  condenser  is  given  in  column  7  of  Table  VlII,  and 
its  capacity  at  the  given  temperature  in  column  8.  In  Tables  IX,  X, 
and  XI  the  temperature  of  the  condenser  was  kept  constant.  The 
values  of  Z,  calculated  from  equation  (24),  are  given  in  column  10, 
and  in  column  11  are  given  the  corrected  values  of  Z,  obtained  by 
applying  the  value  of  ^,  which  is  sometimes  positive  and  sometimes 
negative.  In  column  12  the  sums  {£,)  of  the  separate  values  of  Z  are 
given,  for  comparison  with  the  values  opposite  to  them  in  column  11, 
obtained  by  measuring  the  coils  in  groups  of  two  or  three.  The  dif- 
ferences between  the  values  of  Z,  and  Z  are  given  in  column  13. 
These  differences  are  discrepancies  which  indicate  errors  in  the  meas- 
ured values  of  the  inductances,  but  which  amount  on  the  average  to  only 
five  parts  in  200,000  for  the  100-miIlihenry  coils,  and  are  sometimes 
positive  and  sometimes  negative.  They  represent  the  errors  of  obser- 
vation, the  errors  of  the  resistances,  and  the  imperfections  in  the  cor- 
rections for  inductance  and  capacity  of  the  arms  of  the  bridge.  The 
errors  due  to  differences  in  P  and  R  are  eliminated  by  the  commutator; 
the  error  due  to  inductance  in  r  we  have  seen  to  be  inappreciable;  the 
condenser  is  so  good  that  no  correction  needs  to  be  applied  for  its 
very  slight  absorption  and  leakage.  In  the  second  half  of  the  table 
the  results  are  given  for  a  remeasurement  of  the  coils  under  conditions 
similar  to  those  under  which  the  first  measurements  were  made.  It 
will  be  noticed  that  the  values  agree  very  closely. 

In  Table  IX  the  results  are  given  of  measurements  on  coils  of  100, 
50,  10,  5,  1.0,  and  0.5  millihenrys,'  using  4  of  100  millihenrys  and  2 
each  of  the  other  denominations,  measuring  them  separately  and  in 
series  in  each.  The  residual  differences  between  the  corresponding 
values  in  columns  11  and  12,  and  which  amount  to  a  very  few  micro- 
henrys,  are  as  small  as  could  be  expected. 

In  Table  X  the  results  are  given  of  measurements  on  a  coil  C  of 
nominally  100  millihenrys,  and  of  two  coils,  A  and  B,  of  50  milli- 
henrys each,  measured  together  as  one  coil  and  in  series  with  the  coil 
C.  The  residual  differences  between  the  sums  of  the  separate  values 
(column  12)  and  the  measured  sum  (column  11)  are  given  in  column  13. 
They  average  about  4  in  200,000,  being  sometimes  positive  and  some- 
times negative.  In  Table  XI  similar  results  are  given  for  the  two  50- 
millihenry  coils  measured  separately  and  in  series,  with  the  residuals 
in  column  13  averaging  6  parts  in  100,000. 

In  both  these  tables  the  measurements  are  made  with  three  different 
values  of  the  resistances  of  the  bridge  (P,  R,  and  S  being  equal  in 
every  case)  and  three  different  currents  for  each  separate  value  of  the 
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Table  XII. — Summary  of  Values  op  Inductances  Shown  in  Table  X,  with 

THE  Deviations  fbom  the  Mean. 


1 

2 

3 

4 

5 

6 

7 

8 

9 

No. 

p=R  =  S. 

Total 
current 
amperefl 

(A  +  B) 

milli- 

henrys. 

Devia- 
tion 
from 

mean. 

C 

milli- 

henrys. 

Devia- 
tion 
from 

mean. 

C+{A+B) 

milli- 

henrys. 

Devia- 
tion 
from 

mean. 

1 
2 
3 

260 

0.12 
0.20 
0.30 

100.120 
100.126 
100. 118 

0.006 
.011 
.003 

102. 477 
102.480 
102. 476 

0.007 
.010 
.006 

.001 
.006 
.002 

202.605 
202.612 
202.602 

0.019 
.026 
.016 

4 
5 
6 

200 

(1 

0.12 
0.20 
0.30 

100. 114 
100. 121 

100. 115 

.001 

.006 

0 

102.469 
102. 476 
102. 472 

202.678 
202.595 
202.590 

.008 
.009 
.014 

7 
8 
9 

150 

0.12 
0.20 
0.30 

100.094 
100.  Ill 
100. 114 

.021 
.004 
.001 

102. 449 
102. 462 
102.468 

.021 
.008 
.002 

202.537 
202.569 
202.684 

.049 
.017 
.002 

Means. 

100. 115 

.006 

102. 470 

.007 

202.686 

.018 

Table  Xlll. — Summary  of  Values  of  Inductances  Shown  in  Table  XI,  wrrn 

the  Deviations  from  the  Mean. 


1 

2 

3 

4 

5 

6 

B 

milli- 
henrys. 

7 

8 

9 

No. 

P=R=8, 

Total 
current 
am- 
peres. 

A 

milli- 

henrys. 

Devia- 
tion 
from 

mean. 

Devia- 
tion 
from 

mean. 

A-\-B. 

Devia- 
tion 
from 

mean. 

1 
2 
3 

100 

(1 

0.12 
0.20 
0.30 

60.092 
60.104 
50.111 

0.012 
.000 
.007 

49.993 
60.006 
60.010 

0.012 
.001 
.006 

100. 074 
100.104 
100.  Ill 

0.033 
.003 
.004 

4 
6 
6 

160 

0.12 
0.20 
0.30 

50.100 
50.106 
50.107 

.004 
.002 
.003 

60.001 
60.006 
60.008 

.004 
.001 
.003 

100.096 

100. 112 

100. 113 

.011 
.006 
.006 

7 
8 
9 

200 

tt 

n 

0.12 
0.20 
0.30 

50.107 
50.105 
50.105 

.003 
.001 
.001 

50.007 
60.007 
60.007 

.002 
.002 
.002 

100.  Ill 
100. 119 
100.120 

.004 
.012 
.013 

MeAns. 

50. 104 

.Ci04 

60.005 

.004 

100. 107 

.010 

BOSA 
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resistances.  This  gives  nine  measurements  of  each  coil  and  of  the  sum 
of  the  coils.  These  nine  values  of  each  coil  and  of  their  sums  are 
given  in  Tables  XII  and  XIII,  with  their  deviations  from  the  mean. 
In  most  cases  the  values  are  a  little  smaller  with  the  smaller  currents 
and  smaller  resistances.  We  have  not  yet  ascertained  why  this  is  so; 
perhaps  the  resistances  were  not  as  accurately  known  as  we  supposed. 

In  Table  XIV  the  measurements  of  April  21  are  given,  three  coils 
of  1  henry  each  being  taken  singly  and  in  series  in  groups  of  two 
and  three. 

The  separate  values  found  during  the  day  for  the  three  coils  are 
given  in  Table  XV.  The  small  increase  in  the  value  of  L  may  be  due 
in  part  to  uncertainty  in  the  change  of  capacity  of  the  condenser. 
The  latter  changed  in  temperature,  according  to  the  thermometer,  by 
0^.76,  and  that  corresponds  to  11  parts  in  100,000  in  the  capacity.  The 
slight  progressive  changes  in  the  values  of  the  inductances  of  the  coils 
may  be  accounted  for  by  a  quarter  of  a  degree  greater  change  in  the 
temperature  of  the  condenser  than  indicated  by  the  thermometer,  or  a 
slightly  greater  temperature  coefficient.  We  shall  investigate  this 
further,  keeping  the  temperature  of  the  condenser  constant,  to  decide 
whether  the  coils  really  change  in  the  manner  indicated. 

Table  XV. — Rbsults  op  the  Determinations  op  the  Inductance  op  Three 

Coils  op  1  Henry  each,  April  21,  1905. 


CoilF. 

CoilS. 

CoilC. 

Henrys, 

Henrys. 

Henrys. 

0.99890 

0.99969 

1. 01420 

.99892 

.999715 

1. 01421 

.99894 

.99970 

1.0U22 

.99895 

.999715 

1. 01422 

.99895 

.99972 

The  regularity  of  this  progressive  change  shows  that  some  common 
cause  affects  all  the  measurements,  but  the  changes  are  very  small 
indeed,  amounting  to  only  a  few  parts  in  a  hundred  thousand.  The 
sensitiveness  of  the  bridge  is  well  shown  by  these  results,  and  if  we  can 
eliminate  the  small  residual  errors  of  the  bridge  completely,  it  will 
make  it  possible  to  measure  inductances  with  far  greater  accuracy  than 
has  been  done  heretofore. 

In  order  to  make  these  measurements  under  the  most  favorable  cir- 
cumstances, we  have  designed  and  are  now  constructing  a  bridge  espe- 
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cially  adapted  to  this  work.  The  bridge  we  have  been  using  has  been 
made  up  of  several  different  resistance  boxes.  The  resistances  were 
all  immersed  in  oil,  the  temperatures  were  accurately  taken,  they  were 
frequently  measured  against  our  standards,  and  every  effort  made  to 
get  precise  results.  But  with  all  combined  in  a  single  set,  with  shorter 
and  more  permanent  connections  between  the  arms  of  the  bridge  and 
the  residual  inductances  and  capacities  eliminated  more  completely,  we 
hope  to  improve  upon  the  results  given  above,  and  make  sure  of  the 
value  of  the  inductance  of  a  standard  coil  to  at  least  one  part  in  ten 
thousand,  barring  the  uncertainty  in  the  ohm  itself.  When  this  has 
been  accomplished  we  hope  to  determine  some  inductance  coils,  the 
dimensions  of  which  shall  have  been  accurately  determined,  and  the 
inductances  computed  therefrom,  in  order  to  obtain  a  check  upon 
the  value  of  the  ohm. 

The  Anderson  bridge,  used  in  the  manner  we  have  described  above, 
is  admirably  adapted  to  practical  use  in  measuring  inductances  of  a 
great  range  of  values.  Its  accuracy  far  exceeds  most  of  the  methods 
that  have  been  proposed,  and  it  is  more  convenient  than  any  method 
we  have  employed  that  can  compare  with  it  in  accuracy. 

Note. — Since  the  above  was  written  we  have  discovered  that  the 
serpentine  spools  on  which  the  inductances  7^ and  S  of  1  henry  each 
and  several  of  0.1  henry  are  wound  are  slightly  magnetic,  and  that 
their  permeability  is  larger  with  higher  magnetizing  force.  Conse- 
quently the  inductances  of  the  coils  are  not  quite  constant,  but  vary 
when  the  voltage  on  the  bridge  or  the  resistances  of  the  arms  of  the 
bridge  are  varied.  This  would  cause  the  sum  of  two  inductances 
measured  separately  to  be  a  little  greater  than  when  measured  together, 
and  this  accounts  for  the  discrepancies  ^  in  column  13  of  Table  XIV, 
all  being  of  the  same  sign,  and  larger  when  coils  i^and  S  (both  being 
wound  on  serpentine  spools)  are  taken  together  than  when  jf^and  C 
or  S  and  (7  are  taken  together,  C  being  wound  on  a  mahogany  spool 
and  therefore  not  magnetic. 

In  the  case  of  coils  of  0.1  henry  or  less  the  current  is  reduced  very 
little  when  two  are  put  in  series  in  the  bridge,  and  hence  the  resultant 
change  in  the  inductance  is  much  less. 

We  give  in  another  article  in  this  bulletin  the  results  of  tests  made 
to  determine  the  magnitude  of  the  effect  of  this  small  amount  of  mag- 
netic matter  in  the  spools. 


THE  USE  OF  SERPENTINE  IN  STANDARDS  OF  INDUCTANCE. 


By  Edward  B.  Rosa  and  Frederick  W.  Grovbr. 


1.  CONSTRUCTION  OF  THS  STANDARDS. 

In  1896  Wien  described^  the  construction  of  a  very  convenient  and 
permanent  form  of  inductance  standard  and  gave  measurements  of 
several  such  standards  by  one  of  his  own  methods.  Spools  were  turned 
out  of  serpentine  and  wound  with  insulated  copper  wire.  They  were 
then  boiled  in  paraffin,  which  completely  fiJled  the  spaces  between  the 
wires,  and  when  cold  made  a  solid  mass  which  preserves  its  shape 
permanently.  This  form  of  inductance  standard  has  since  been  manu- 
factured by  several  of  the  German  instrument  makers,  and  the  Bureau 
of  Standards  has  purchased  from  Siemens  &  Halske,  R.  Franke  &  Co., 
and  Hartmann  &  Braun  a  considerable  number  of  them  having  values 
of  1.0, 0. 1 , 0.01,  and  0.001  henry.  Coils  obtained  from  different  makers 
agree  with  one  another  very  closely.  Coils  of  different  denominations 
are  reasonably  consistent  with  one  another  and  their  values  are  nearly 
correct,  showing  that  the  makers  have  accurate  standards  and  adjust 
the  inductances  carefuJly. 

In  attempting  measurements  of  high  precision  on  these  coils,  how- 
ever, we  found  discrepancies  that  were  difficult  to  understand  until 
we  discovered  recently  that  the  serpentine  was  slightly  magnetic  and 
its  permeability  variable,  thus  making  the  inductance  of  a  coil  a  func- 
tion of  the  current  passing  through  it.  It  happened  that  the  current 
employed  in  making  the  measurements  did  not  ordinarily  vary  greatly, 
and  hence  the  discrepancies  due  to  the  variation  in  the  permeability  of 
the  serpentine  were  quite  small.  The  small  differences  noted  we  first 
attributed  to  errors  of  measurement,  but  when  we  undertook  a  sys- 
tematic search  for  the  source  of  these  discrepancies  we  traced  it  to  the 
coiJs  themselves,  and  then  quickly  located  it  in  the  varying  permea- 
bility due  to  magnetic  impurities  in  the  serpentine.  CoiJs  wound  on 
mahogany  spools  show  no  such  effects  and,  of  course,  pure  marble 

«  Wied.  Ann.  58,  p.  553. 
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would  be  free  from  it.  The  question  is  of  so  much  importance  that 
we  give  in  this  paper  a  considerable  number  of  our  tests  and  measure- 
ments in  order  to  show  the  character  of  the  effects  produced  and  the 
magnitude  of  the  variations  of  the  inductances. 

2.  MEASUREMENTS  OF  INDUCTANCES  USING  DIFFERENT  CURRENTS. 

Having  noticed  that  the  inductance  found  varied  when  the  resist- 
ances of  the  bridge  were  changed,  we  made  a  series  of  measurements 
on  the  three  inductance  coils  F,  C,  and  S,  of  one  henry  each,  having  a 
nearly  constant  voltage  on  the  Anderson  bridge,  and  giving  the  resist- 
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Pio.  1.— ^howlDg  the  yariation  of  the  inductance  of  the  two  standards  wound  on  serpentine  as 
the  resistances  of  the  (equal)  arms  of  the  bridge  are  varied.  Third  standard,  wound  on 
mahogany  spool,  remained  constant. 

ances  of  the  arms  of  the  (square)  bridge  the  successive  values  550, 600, 
700,  800,  and  900  ohms.  It  was  found  that  the  measured  inductance 
of  the  coil  C  (wound  on  mahogany)  remained  constant  within  the  errors 
of  measurement,  the  observations  varying  from  the  horizontal  straight 
line  (fig.  1)  by  not  over  2  parts  in  100,000  on  the  average.  On  the 
other  hand  the  two  coils  wound  on  serpentine  (F,  Franke  &  Co.,  S, 
Siemens  &  Halske)  increased  steadily  as  the  resistance  was  decreased, 
and  the  current  therefore  increased.  Fig.  1  shows  the  changes  in  the 
relative  values  of  the  inductances  of  these  coils. 
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We  next  measured  the  same  coils,  keeping  the  resistances  of  the 
arms  of  the  bridge  constant,  and  changing  the  voltage  impressed  on 
the  bridge.  In  order  to  show  that  these  changes  were  not  due,  even 
in  part,  to  the  heating  of  the  bridge  wires,  we  have  frequently  repeated 
measurements  on  lower  voltages  after  making  measurements  at  higher 
voltages.  All  the  resistances  were  submerged  in  oil,  and  the  resist- 
ances making  up  the  four  arms  of  the  bridge  were  wound  with  rela 
tively  heavy  wire  having  ample  carrying  capacity.  The  results  of 
these  measurements  are  given  in  fig.  2,  showing,  as  before,  a  constant 
value  for  the  coil  C  wound  on  a  mahogany  spool,  but  a  steadily 
increasing  value  for  F  and  S  (on  serpentine)  as  the  voltage  (and  conse 


/ 

/ 

1.001' 

/ 

^ 

/ 

1.0014 

V 

/ 

w 

S     4     AA4A 

i 

y 

/ 

y 

y 

3e  1.0012 

,/ 

/ 

y 

^ 

3 
O 
X 

^ 

>i^ 

y 

y 

— 





„  1.0010 

X 

*^i 

9' 

^^ 

/" 

h 

d< 

^ 

^^^' 

^ 

^ 

1.000S 

8 

3 

A 

7 

^ 

u 

5 

* 

■/ 

/^ 

A 

f 

^  i.oooe 

/ 

" 

y 

Se  1.0004 

/ 

,^ 

^ 

v\ 

— 



-     - 

/ 

/ 

y 

^ 

1.0002 

y 

.y 

y 

f^ 

MA 

HOoi 

>4Y- 

-C- 

,1  y 

ENR 

1 

, 

•X  ^ 

• 

■ 

♦ 

I.OOQO 

y 

2 

0 

a 

0 

4 

0 

8 

0 

« 

0 

7( 

) 

» 

0 

» 

0 

10 

K) 

11 

0 

ia 

10 

u 

M 

Wo 

V0LT8    ON    THE    BRIDGE 

Fio.  2. — Showingr  variation  of  serpentine  standards  as  voltage  on  bridge  is  varied,  resistance 
remaining  constant.    Mahogany  standard  remains  unchanged. 

quently  the  current)  was  increased.  In  this  case  the  current  is  carried 
through  a  much  wider  range  than  before,  the  maximum  being  about 
five  times  the  minimum.  The  total  variation  of  the  inductance  of  the 
F  coil  (while  the  current  is  increased  in  the  ratio  of  1  to  5)  is  about  12 
parts  in  10,000,  while  the  S  coil  varies  16  parts  in  10,000  under  the 
same  circumstances.  The  C  coil  (on  mahogany)  varied  from  the  con- 
stant value  corresponding  to  the  horizontal  line  in  fig.  2  by  about  2 
parts  in  100,000  on  the  average.  The  values  of  the  inductances  given 
in  figs.  1  and  2  are  referred  to  their  lowest  value  as  unity,  except  the 
C  coil  in  fig.  2,  which  is  referred  to  a  value  1.0001  as  its  lowest  value 
for  convenience  in  plotting.     Inasmuch  as  variations  of  two  parts  in 
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100,000  can  be  detected  in  the  measurements,  it  would  be  necessary  to 
keep  the  current  constant  within  2  or  3  per  cent  of  its  value  in  using 
the  serpentine  inductance,  in  order  that  the  measured  value  of  the 
inductance  should  always  be  the  same.  This  is,  of  course,  a  very 
awkward  condition  to  impose. 
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Pio.  8.— Showing  variation  of  inductance  of  foor  serpentine  0.1  henry  standards.    Mahogany 

standard  remains  unchanged. 

Fig.  8  gives  the  results  of  measurements  made  on  five  coils  of  0.1 
henry,  each,  as  follows: 

Schedule  of  inductance  coils,  each  of  0.1  henry, 

A  =  Inductance  coil  from  Franke  &  Co.,  on  serpentine. 
B  =  Inductance  coil  from  Franke  A  Co.,  on  serpentine. 
C  =  Inductance  coil  from  Carpentier,  on  mahogany. 
H  =  Inductance  coil  from  Hartmann  <&  Braun,  on  serpentine. 
S  =  Inductance  coil  from  Siemens  &  Halske,  on  serpentine. 


The  results  agree  with  the  measurements  made  on  toe  three  coils  of 
1.0  henry  each,  in  that  the  mahogany  spool  has  a  constant  value  as  the 
current  was  increased  in  the  ratio  one  to  five,  whereas  the  other  four 
on  serpentine  all   increased.     The  four  coils,  A,  B,  H,  and  S,  in 
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fig.  3,  are  all  referred  to  the  lowest  value  of  A  as  unity;  hence  the 
differences  shown  in  the  figure  are  the  actual  diflferences  of  the 
coils.  The  fifth  coil  C  (on  mahogany)  has  so  large  a  value  (nearly 
2.5  per  cent  greater  than  the  others)  that  it  would  fall  more  than 
a  meter  above  the  others  if  plotted  on  the  same  scale.  Hence  it  has 
been  reduced  to  the  lowest  value  of  A  as  its  initial  value  for  compar- 
ison. The  five  determinations  of  the  inductance  of  this  coil  at  20,  40, 
60,  80,  and  100  volts  on  the  bridge  lie  very  near  the  horizontal  line, 
the  mean  variations  being  not  over  2  parts  in  100,000. 

On  the  other  hand,  the  four  coils  wound  on  serpentine  increase 
largely  as  the  current  is  increased,  the  current  being  of  course  propor- 
tional to  the  voltage  on  the  bridge.  The  amount  of  increase  varies 
from  12  parts  in  10,000  for  the  S  coil  to  23  for  A,  31  for  B,  and  40  f or.H. 
Since  the  inductance  of  a  coil  is  proportional  to  the  average  permea- 
bility of  its  magnetic  circuit,  and  the  principal  magnetic  reluctance  is 
in  the  region  occupied  by  the  spool,  it  is  evident  that  the  curves  of 
fig.  3  represent  approximately  the  permeabilities  of  the  four  serpen- 
tine spools.  One  is  straight  throughout,  two  are  slightly  curved,  and 
the  fourth,  H  is  decidedly  curved,  showing  a  rapidly  increasing  per- 
meability as  the  current  is  increased.  They  are  all  made  from  ser- 
pentine having  the  same  appearance,  but  S  is  a  relatively  large  spool 
in  which  the  strength  of  field  within  the  spool  is  relatively  smaller, 
whereas  H  is  the  smallest  of  the  four  spools  and  therefore  has  the  largest 
number  of  turns  of  wire  and  the  strongest  field,  the  inductances  of  the 
four  spools  being  equal.  The  range  of  inductance  in  the  serpentine 
spool  S  therefore  corresponds  to  the  lower  end  only  of  H,  A,  and  B, 
which  are  stmight  lines.  We  may  therefore  conclude  that  if  the 
spools  were  all  as  large  as  S,  the  lines  would  all  be  sensibly  straight, 
and  conversely  if  all  were  as  small  as  H  they  would  be  curved  in 
much  the  same  way. 

It  is  a  coincidence  that  three  curves  intersect  at  one  point.  Thus 
there  is  one  value  of  the  current  for  which  these  three  coils  have  the 
same  inductance.  At  lower  current,  H  has  the  smallest  value,  and  at 
larger  currents  it  has  the  largest  value.  The  coil  B  is  intermediate 
in  value  both  at  large  and  small  values  of  the  current. 

This  explains  discrepancies  in  the  relative  values  of  these  coils  which 
we  have  often  noticed.  That  is,  comparisons  by  bridge  methods, 
which  may  be  made  with  great  precision,  have  not  given  the  same 
ratios  at  different  times,  and  we  were  at  a  loss  to  account  for  the 
fluctuating  ratios.  It  may  be  that  other  observers  have  been  troubled 
in  the  same  way,  for  serpentine  inductance  standards  are  considerably 
used. 
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3.  INDUCTANCE  OF  A  COIL  INCREASBD  BY  PROXIMITY  OF  SERPENTINE. 

In  order  to  demonstrate  further  the  fact  that  the  serpentine  spools 
are  appreciably  magnetic,  we  made  a  series  of  measurements  on  the 
same  inductance  coils,  with  one  coil  placed  directly  on  another,  or 
between  two  others,  so  that  the  reluctance  of  its  magnetic  circuit 
might  be  reduced  by  the  magnetic  serpentine.  The  following  are 
some  of  the  results  obtained: 

(a)  Serpentine  henry  placed  on  (or  under)  mahogany  henry  increases 
the  value  of  the  latter  by  2.3  millihenry s. 

(5)  On  the  other  hand,  mahogany  heniy  placed  on  (or  under)  a  ser- 
pentine henry  makes  no  appreciable  change  in  the  inductance  of  the 
latter. 

(c)  Serpentine  henry  placed  on  a  serpentine  henry  increases  the 
inductance  of  the  latter.  For  example,  S  increases  F  2.4  millihenrys, 
and  F  increases  S  2.2  millihenrys.  F,  between  two  serpentines,  is 
increased  4.1  mh,  and  S,  between  two,  is  increased  3.6  mh. 

{d)  Serpentine  0.1  henry  on  serpentine  0.1  henry  is  increased  about 
0.25  mh,  and  on  serpentine  1.0  henry  about  1.7  mh,  on  an  average. 
On  0.01  henry  it  is  increased  about  0.2  mh,  and  on  0.001  henry  about 
the  same. 

The  above  results  show  that  the  smaller  inductance  coils  also  are 
magnetic  and  can  affect  the  magnetic  circuit  of  other  coils  if  near 
them. 

4.  EFFECT  OF  MAGNETIC  SERPENTINE  IMITATED  BY  IRON  FILINGS  OR 

WIRE. 

In  order  to  illustrate  further  the  effect  of  magnetic  material  in  the 
spools  of  inductance  coils,  we  have  made  a  number  of  measurements 
on  the  coils  with  iron  wire  or  iron  filings  in  or  near  them. 

(a)  With  a  single  piece  of  soft  iron  wire,  4  cm  long,  1.0  mm  in 
diameter,  inserted  in  the  axis  of  the  mahogany  spool,  the  inductance 
was  increased  over  2  per  cent,  as  shown  in  (a)  fig.  4,  the  form  of  the 
curve  showing  that  the  permeability  of  the  circuit  increased  to  a 
maximum  and  then  decreased  as  the  current  in  the  coil  increased. 

(h)  With  six  pieces  of  iron  wire,  each  5  cm  long,  arranged  radially 
on  the  bottom  of  the  mahogany  spool  (inverted),  the  inductance 
increased  over  1  per  cent,  as  shown  in  (b)  fig.  4.  In  this  case  the 
permeability  did  not  reach  its  maximum,  the  wires  not  being  in  a 
strong  magnetic  field,  as  in  case  (a).  As  the  voltage  was  increased 
from  60  to  100,  the  inductance  changed  nearly  3  parts  in  1,000,  which 
is  much  greater  than  the  change  in  the  case  of  the  serpentine  coils. 
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(c)  A  piece  of  this  wire  2  mm  long  (weighing  21  mg)  inside  the 
coil  produced  a  sensible  change  in  the  inductance  of  the  coil;  that  is,  5 
parts  in  100,000.  A  few  particles  of  iron  (weighing  9  mg)  increased 
the  inductance  by  2  parts  in  100,000.  This  is  only  one  part  iron  to 
over  a  hundred  thousand  of  the  spool,  if  the  latter  were  serpentine. 

(d)  Iron  filings,  sprinkled  over  the  wooden  spool,  also  increased  the 
inductance,  fig.  5;  2  grams  of  the  filings  increasing  the  inductance 
initially  by  1  part  in  800,  the  amount  increasing  further  with  the  cur- 
rent, as  is  the  case  with  the  serpentine. 
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Fig.  4.— Showing  change  of  inductance  of  standards;  (a)  when  a  piece  of  iron  wire  is  inserted  in 
axis  of  coil;  (b)  when  six  pieces  of  iron  wire  are  placed  radially  outside  the  spool. 

(e)  Iron  filings  placed  in  the  center  of  the  F  serpentine  spool  (8.2 
grams  filled  a  hole  along  the  axis  of  the  spool)  increased  the  inductance 
initially  by  70  parts  in  10,000,  and  this  increased  further  by  17  parts 
in  10,000  as  the  voltage  was  carried  up  from  40  to  120  volts.  This  is 
nearly  double  the  rate  of  increase  of  the  inductance  that  occurs  with- 
out the  filings.  These  experiments  show  that  the  behavior  of  the  ser- 
pentine spools  is  fully  explained  by  supposing  them  to  contain  a  very 
small  amount  of  iron. 


5.  MAGNETOMETER  AND  CHEMICAL  TESTS. 

The  serpentine  inductances  were  also  tested  with  a  magnetometer, 
and  found  to  be  magnetic.     By  placing  one  of  the  serpentine  spools 
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in  a  magnetizing  solenoid  its  permanent  magnetism  could  be  reversed 
so  that,  when  it  was  removed  to  the  magnetometer,  the  deflection  of 
the  latter  was  reversed.  The  normal  permanent  magnetism  of  the 
spools  was  probably  due  to  the  earth's  magnetic  field. 

Chemical  analysis  shows  that  the  serpentine  of  one  of  the  spools  con- 
tained 0.6  per  cent  of  iron,  which  is  chiefly  in  the  form  of  magnetite. 

The  serpentine  inductance  coils  of  1  henry  each  were  measured 
alone  and  in  series,  increasing  the  voltage  on  the  bridge  when  they 
were  in  series,  so  that  the  current  through  the  coils  was  nearly  the 
same  then  as  when  they  were  measured  alone.    This  prevented  the 
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Fio.  5.— Showing  effect  of  iron  fllings  in  Imitating  or  increasing  the  effect  of  magnetic  impurities 

in  the  serpentine. 

[NoTK.— The  curve  "8.2  g  of  filings  on  serpentine  1 1  henry  "  was  obtained  with  the  filings  placed 
inaide  the  coil.] 

small  decrease  in  value  which  had  formerly  resulted  when  the  coils 
were  measured  in  series,  and  the  residual  differences  were  this  time 
found  to  be  negative  and  nearly  constant,  whereas  they  had  before 
been  positive  and  variable,  being  smaller  with  the  sum  of  the  mahogany 
and  serpentine  than  for  two  serpentines.  Table  I.  This  constant  neg- 
ative difference  of  about  8  parts  in  200,000  might  perhaps  have  been 
due  to  errors  in  the  resistances;  at  any  rate  it  is  not  the  same  as  the 
residuals  due  to  the  variability  in  the  inductance  arising  from  the  mag- 
netic material  in  the  serpentine  spools. 
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In  Table  II  we  give  a  summary  of  the  separate  measurements  of 
the  three  coils,  taken  from  Table  I.  It  will  be  se>en  that  the  different 
determinations  of  the  coils  agree  very  closely,  showing  that  the  acci- 
dental errors  of  measurement  are  very  small.     The  variations  would 

Table  II. — Summary  of   Measurements  op  the  Inductance  Given  in  Table  I. 


1 

2 

3 

4 

6 

No. 

Carrent  in  coils, 
amperes. 

Measured  inductances. 

Ck)il  F,  henrys. 

CJoil  S,  henrys. 

CJoil  C,  henrys. 

1 
2 
3 
4 

0.06 
0.06 
0.06 
0.06 

0.99946 
0.99946 
0.99944 
0.99944 

1.00041 
1.00043 
1.00042 
1.00040 

1.01412 
1. 01413 
1. 01412 

5 
6 
7 

0.046 
0.046 
0.046 

0.99932 
0.99930 
0.99928 

1.00024 
1.00022 

1. 01410 
1. 01410 

probably  have  been  greater  if  the  resistances  had  been  varied,  on 
account  of  variations  in  the  resistances.  The  last  three  measurements 
with  a  little  smaller  current  are,  of  course,  smaller  for  coils  F  and  S 
(serpentine  spools)  than  the  first  four,  but  the  coil  C  (mahogany  spool) 
remains  substantially  the  same  throughout.  In  an  article  in  Bulletin 
No.  2  (issued  February  1,  1905),  on  the  Absolute  Measurement  of 
Inductance,  we  called  attention  to  some  slight  discrepancies  which  we 
were  at  a  loss  to  understand.  We  now  know  that  they  were  due  to 
the  magnetic  impurities  in  the  serpentine  spools  on  which  one  of  the 
coils  was  wound. 

Hartmann  and  Braun  exhibited  at  St.  Louis  some  inductance  coils 
wound  on  white  marble.  These  would  undoubtedly  be  entirely  free 
from  magnetism.  Wooden  spools  are  cheaper  and  when  the  wood  is 
thoroughly  seasoned  seem  to  be  quite  permanent.  This  question  we 
are  investigating  further.  We  have  ordered  some  of  these  inductance 
standards  wound  on  marble  from  Hartmann  &  Braun,  and  have 
designed  some  to  be  built  for  us  in  this  country.  When  these  stand- 
ards have  been  thoroughly  tested  for  stability  and  constancy  with 
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diiferent  testing  currents  we  shall  determine  their  values  by  several 
diflferent  methods  in  order  to  ascertain  what  sensibility  and  how  close 
agreement  may  be  found  among  entirely  different  methods. 


THE  SILVER  COULOMETER. 


By  K.  E.  GuTHE. 


1.  According  to  Faraday's  law  of  electrolysis,  a  strict  proportion- 
ality exists  between  the  quantity  of  electricity  passing  through  an 
electrolyte  and  the  electrochemical  reaction  produced  by  it.  The  lat- 
ter may  therefore  serve  for  the  measurement  of  quantity  of  electricity. 
We  call  the  instruments  employed  for  this  purpose  ''voltameters"  or 
"coulometers." 

A  good  many  different  types  of  coulometers  have  been  used;  for 
example,  the  gas  coulometer,  in  which  the  volume  of  the  liberated 
gases  is  measured,  or  the  iodine  and  the  iron  coulometers,  in  which 
the  electrochemical  change  is  measured  by  titration.  The  usual 
method,  however,  is  the  determination  of  the  mass  of  a  substance 
deposited  at  one  of  the  electrodes  by  an  electric  current.^  Of  the  last 
the  copper  coulometer  and  the  silver  coulometer  are  the  best-known 
types. 

The  investigations  of  F.  and  W.  Kohlrausch,*  Rayleigh  and  Sidg- 
wick,^  Gray,'^  Schuster  and  Crossley,*'  and  Glazebrook  and  Skinner,-^ 
have  proved  that  the  silver  coulometer  is  by  far  the  most  reliable 
instrument  of  this  sort  and  that  it  will  give  results  accurate  to  1  in 
5,000  if  certain  specifications  as  to  its  construction  and  treatment  are 
closely  followed. 

« A  description  of  some  unusual  types  is  given  by  Danneei:  ZS.  f.  Electroch.,  4, 
p.  154;  1897. 

ftFr.  and  W.  Kohlrausch:  Wied.  Ann.,  27,  p.  1;  1886.  ' 
<^ Rayleigh  and  Sidgwick:  Phil.  Trans.,  175,  p.  Ill;  1884. 
rfGray:  Phil.  Mag.,  22,  p.  389;  1886. 
^Schuster  and  Crossley:  Proc.  Roy.  Soc.,  60,  p.  344;  1892. 
/Glazebrook  and  Skinner:  Phil.  Trans.,  188,  p.  567;  1892. 
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2.  For  this  reason  the  International  Electrical  Congi'ess,  held  at 
Chicago  in  1893,  adopted  the  silver  coulometer  as  a  standard  for  the 
measurement  of  electric  current.  Though  the  ampere  was  defined  as 
one-tenth  of  the  unit  of  current  of  the  c.  g.  s.  system  of  electromag- 
netic units,  it  was  added  that  it  'Ms  represented  sufficiently  well  for 
practical  use  by  the  unvarying  current  which,  when  passed  through  a 
solution  of  nitrate  of  silver  in  water  in  accordance  with  standard  speci- 
fications, deposits  silver  at  the  rate  of  0.001118  gram  per  second." 
This  value  is  called  the  electrochemical  equivalent  of  silver. 

Specifications,  as  referred  to  above,  were  prepared  by  the  National 
Academy  of  Sciences  and  legalized  in  the  United  States  in  1894.  They 
are  practically  in  conformity  with  the  earlier  specifications  of  the 
British  Board  of  Ti-ade  and  read  as  follows: 

In  employing  the  silver  voltameter  to  measure  currents  of  about  one  ampere  the 
following  arrangements  shall  be  adopted: 

The  cathode  on  which  the  silver  is  to  be  deposited  shall  take  the  form  of  a  plati- 
num bowl  not  less  than  10  cm.  in  diameter  and  from  4  to  5  cm.  in  depth. 

The  anode  shall  be  a  disk  or  plate  of  pure  silver  some  30  sq.  cm.  in  area  and  2  or 
3  mm.  in  thickness. 

This  shall  be  supported  horizontally  in  the  liquid  near  the  top  of  the  solution  by 
a  silver  rod  riveted  through  its  center.  To  prevent  the  disintegrated  silver  which  is 
formed  on  the  anode  from  falling  upon  the  cathode,  the  anode  shall  be  wrapped 
around  with  pure  filter  paper,  secured  at  the  back  by  suitable  folding. 

The  liquid  shall  consist  of  a  neutral  solution  of  pure  silver  nitrate  containing  about 
15  parts,  by  weight,  of  the  nitrate  to  85  parts  of  water. 

The  resistance  of  the  voltameter  changes  somewhat  as  the  current  passes.  To 
prevent  these  changes  having  too  great  an  effect  on'  the  current,  some  resistance 
besides  that  of  the  voltameter  should  be  inserted  in  the  circuit.  The  total  metallic 
resistance  of  the  circuit  should  not  be  less  than  10  ohms. 

Method  of  making  a  measurement. — The  platinum  bowl  is  to  be  washed  consecutively 
with  nitric  acid,  distilled  water,  and  absolute  alcohol.  It  is  then  to  be  dried  at  160^ 
C.  and  left  to  cool  in  a  desiccator.     When  thoroughly  cool  it  is  to  be  weighed  carefully. 

It  is  to  be  nearly  filled  with  the  solution  and  connected  to  the  rest  of  the  circuit 
by  being  placed  on  a  clean  insulated  copper  support  to  which  a  binding  screw  is 
attached. 

The  anode  is  then  to  be  immersed  in  the  solution  so  as  to  be  well  covered  by  it 
and  supported  in  that  position.  The  connections  to  the  rest  of  the  circuit  are  then 
to  be  made. 

Contact  is  to  be  made  at  the  key,  noting  the  time.  The  current  is  to  be  allowed  to 
pass  for  not  less  than  half  an  hour  and  the  time  of  breaking  contact  observed. 

The  solution  is  now  to  be  removed  from  the  bowl  and  the  deposit  washed  with 
distilled  water  and  left  to  soak  for  at  least  six  hours.  It  is  then  to  be  rinsed  suc- 
cessively with  distilled  water  and  absolute  alcohol  and  dried  in  a  hot-air  bath  at  a 
temperature  of  about  160®  C.  After  cooling  in  a  desiccator  it  is  to  be  weighed  again. 
The  gain  in  mass  gives  the  silver  deposited. 

To  find  the  time  average  of  the  current  in  amperes  this  mass,  expressed  in  grams, 
must  be  divided  by  the  number  of  seconds  during  which  the  current  has  passed  and 
by  0.001118. 
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In  determining  the  constant  of  an  instrument  by  this  method  the  current  should 
be  kept  as  nearly  uniform  as  possible  and  the  readings  of  the  instrument  observed  at 
frequent  intervals  of  time.  These  observations  give  a  curve  from  which  the  reading; 
corresponding  to  the  mean  current  (time  average  of  the  current)  can  be  found.  The 
current,  as  calculated  from  the  voltameter  results,  corresponds  to  this  reading. 

The  current  used  in  this  experiment  must  be  obtained  from  a  battery  and  not  from 
a  dynamo,  especially  when  the  instrument  to  be  calibrated  is  an  electrodynamometer. 

Other  countries  in  which  the  silver  coulometer  has  been  legalized 
have  adopted  similar  rules.® 

3.  The  minute  description  of  the  form  and  treatment  of  the  silver 
coulometer  implies  that  a  slight  departure  from  the  specifications  may 
result  in  a  deposit  of  silver  not  in  accordance  with  the  definition  of 
the  ampere.  It  was  apparent  that  there  are  in  the  instrument  disturb- 
ing factors  which  required  a  further  study. 

Novfik,*  who  worked  with  the  Eohlrausch  form — i.  e.,  a  coulometer 
in  which  a  small  glass  bowl  is  suspended  below  the  anode  in  order  to 
prevent  any  particles  from  falling  upon  the  cathode  bowl — describes 
some  of  the  difficulties  encountered  and  strongly  emphasizes  the 
necessity  for  a  thorough  study  of  the  side  reactions,  such  as  the  for- 
mation of  the  anode  slime  and  the  possible  existence  of  a  complex  sil- 
ver salt  in  the  electrolyte. 

Kahle*^  has  shown  that  the  electrolyte  becomes  acid  by  electrolysis 
and  that  on  repeated  use  the  deposits  are  too  large.  The  Reichsan- 
stalt  recommends,  therefore,  that  not  more  than  3  grams  of  silver 
should  be  deposited  from  100  cm'  of  the  solution. 

Leduc'^  hopes  to  overcome  all  trouble  by  employing  a  large  silver 
anode,  consisting  of  granulated  silver.  He  keeps  the  anodic  current 
density  below  0.02  ampere  per  cm'  and  recommends  that  the  amount  of 
silver  collected  at  the  cathode  should  be  large,  say  about  30  grams. 

Patterson  and  Guthe*  obtained  concordant  results  by  keeping  the 
solution  in  contact  with  silver  oxide.  Leduc  speaks  in  favor  of  this 
method,  but  Richards's  results  with  the  same  type  show  great  varia- 
tions in  the  amount  of  silver  deposited  by  the  same  quantity  of  elec- 
tricity. 

aThe  Electrician,  27,  p.  325;  1891.     ZS.  f.  Instrk.,  21,  p.  180;  1901. 

''Novdk:  Studie  o  voltametru  nastrfbro,  Proc.  Roy.  Bohemian  Ac.  Sci.,  Prague,  1, 
pp.  387-432;  1892.  This  paper  seems  to  have  been  published  in  the  Bohemian  lan- 
guage only,  and  I  failed  to  find  any  reference  to  it  in  the  literature  on  the  subject. 
I  am  indebted  to  Mr.  C.  M.  Jansky  for  a  translation  of  it. 

cKahle:  7^.  f.  Instrk.,  18,  pp.  229  and  267;  1898. 

rfLeduc:  J.  de  Phys..  1,  p.  561;  1902. 

« Patterson  and  Guthe:  Phys.  Rev.,  7,  p.  257;  1898. 
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Table  I. 

EXPERIMENT  A. 


Time. 

Temperature. 

Current, 
in  amperes. 

Potdiff.. 
in  volts. 

Resistance, 
in  ohms. 

h,    m. 

1     16 

21.2 

0.378 

1.860 

4. 921- 

16 

21.2 

.380 

1.864 

4.879 

17 

21.2 

.381 

1.846 

4.843 

18 

21.4 

.3776 

1.820 

4.821 

20 

21.6 

.393 

1.886 

4.797 

22 

21.8 

.396 

1.882 

4.766 

26 

22.0 

.3976 
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28 
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.3996 

1.880 

4.706 

33 
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.401 

1.880 

4.688 

42 

23.2 

.404 

1.880 

4.664 

63 

23.6 
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4.626 
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14 
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22.8 

23.0 

23.0 

23.0 

23.0 

23.05 

23.1 

23.1 

23.15 

23.2 

23.25 

23.4 

23.6 

23.6 

23.7 

24.0 

24.0 

24.2 

24.2 

24.2 


0.360 
.353 
.353 
.3526 
.352 
.351 
.3505 
.350 
.3496 
.348 
.347 
.3456 

•  O  1  X 

.341 

.340 

.3365 

.333 

.331 

.3276 

.326 


1.36 

1.346 

1.341 

1.341 

1.341 

1.342 

1.343 

1.344 

1.346 

1.348 

1.350 

1.352 

1.356 

1.369 

1.361 

1.37 

1.378 

1.38 

1.383 

1.385 


3.886 
3.818 
3.803 
3.804 
3.809 
3.823 
3.831 
3.840 
3.851 
3.873 
3.890 
3.913 
3.942 
3.986 
4.003 
4.071 
4.138 
4.169 
4.223 
4.248 
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solutions  was  again  determined  as  before,  care  being  taken  to  mix  the 
electrolyzed  solution  from  each  vessel  thoroughly  before  taking  out 
the  sample. 

Calculation  showed  that  in  both  cases  the  concentration  had  slightly 
increased,  probably  owing  to  the  evaporation  of  the  liquid  during  elec- 
trolysis. The  remaining  electrolyte  in  each  instrument  was  then 
treated  with  hydrochloric  acid,  filtered,  and  the  filtrate  evaporated  to 
dryness  in  a  porcelain  dish.  There  was  a  slight  residue  of  a  light- 
greenish  color,  which,  when  heated,  disintegrated  and  became  black. 
It  was  then  dissolved  In  nitric  acid,  but  in  the  solution  no  silver  chlo- 
ride was  formed  on  the  addition  of  hydrochloric  acid.  A  surplus  of 
ammonia  colored  the  solution  slightly  blue,  showing  that  some  copper 
was  present,  which  was  probably  contained  in  the  original  electrolyte. 

The  same  test  was  applied  to  the  heavy  anode  solution  which  had 
collected  in  the  beaker  during  the  experiment  (B),  but  in  this  case 
also  no  silver  that  had  escaped  precipitotion  by  the  hydrochloric  acid 
was  found  in  the  filtrate. 

6.  The  main  problem  is  either  to  prevent  the  formation  of  com- 
plex ions  or  to  hinder  the  anode  solution  from  reaching  the  cathode. 
Attempts  in  the  first  direction  by  adding  an  oxidizing  agent,  for 
example,  hydrogen  peroxide,  to  the  solution,  have  been  unsuccessful 
so  far,  while  the  second  problem  has  to  a  certain  extent  been  solved. 
Richards  places  the  silver  rod,  which  forms  the  anode,  in  a  fine-grained 
porous  cup  and  removes  from  time  to  time  the  solution  collecting  at 
the  bottom. 

The  author  fully  corroborated  Richards's  results,  but  proposed  a 
different  form  of  the  anode.  The  bottom  of  a  wide  porous  cup  is  filled 
with  granulated  silver,  and  upon  this  a  large  silver  plate  is  pressed. 
In  this  type  the  rather  inconvenient  frequent  removal  of  the  solution 
was  found  to  be  unnecessary.  The  heavy  solution  is  prevented  by 
the  porous  cup  from  rapid  diffusion  and  breaks  up  to  a  large  extent 
when  it  remains  in  contact  with  silver  (see  figs.  1  and  2).  This  sec- 
ondary reaction,  he  believes,  gives  rise  to  the  formation  of  the  well- 
known  dark  anode  slime,  which  is  pure  silver  when  the  anode  is  pure. 

Formerly  this  was  thought  to  be  peroxide  of  silver.  Novdk  believes 
he  has  found  two  distinct  modifications,  according  to  the  current 
density  employed.  Investigations  at  the  Reichsanstalt  have  shown, 
however,  that  if  pure  silver  is  used  at  the  anode  no  peroxide  is  formed. 
The  black  powder  at  the  anode  is,  in  the  main,  silver  in  a  form  similar 
to  platinum  black.  It  is,  however,  not  impossible  that  some  oxygen 
may  be  present. 

The  phenomenon  reminds  us  of  the  appearance  of  finely  divided 
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copper  on  a  copper  anode,  in  a  copper  sulphate  solution.  As  Fischer" 
has  shown,  the  copper  goes  into  solution  partly  as  cuprous  ions,  the 
amount  sometimes  reaching  50  per  cent  of  the  total  anodic  copper 
loss.  On  reaching  the  cooler  body  of  the  electrolyte,  the  cuprous 
sulphate  breaks  up  into  cupric  sulphate  and  pure  copper;  similarly 
the  silver  may  go  into  solution  as  an  ion,  in  a  lower  state  of  oxidation, 
and  be  broken  up  again  in  the  immediate  neighborhood  of  the  anode. 
While  the  usual  anodes  were  very  soon  covered  with  anode  slime 
after  the  current  of  one  ampere  was  started  through  the  coulometer, 
silver,  freshly  deposited  on  the  rods  and  left  in  the  solution,  did  not 
show  the  tendency  to  blacken,  and  this  suggests  a  decrease  in  the  sec- 
ondary chemical  reaction.  Possibly  this  is  due  simply  to  the  increase 
in  the  size  of  the  electrode.  Experiments  with  anodes  of  electrolytic 
silver  will  be  made. 

Other  arrangements  may  be  adopted  to  prevent  the  anode  solution 
from  reaching  the  cathode.  The  latter  may,  for  instance,  be  suspended 
above  the  anode,  or  the  cathode  may  be  in  form  of  a  plate  suspended 
in  a  glass  vessel  as  Gray  has  done,  or  the  two  electrodes  be  placed  in 
different  vessels  connected  by  a  siphon.  From  a  practical  point  of 
view  the  latter  types  are,  however,  less  convenient  than  the  two 
described  above.  Moreover  Van  Dijk"  has  lately  shown  that  when  a 
siphon  is  employed  the  deposit  is  still  a  little  larger  than  in  the  porous 
cup  coulometer. 

6.  Preliminary  experiments  have  shown  that  Bancroft's  proposi- 
tion,* that  rotating  electrodes  be  used,  promises  good  results.  A  con- 
stant stirring  of  the  solution  in  the  neighborhood  of  the  anode  reduces 
the  formation  of  the  anode  slime,  or,  as  I  believe,  decreases  the  number 
of  ions  of  lower  oxidation  than  the  normal.  Thus,  three  methods, 
either  separately  or  combined,  will  be  tried  in  our  future  work  on  the 
subject:  (a)  addition  of  oxidizing  agent  to  the  solution;  (J)  electrolyzed 
silver  as  anode;  (c)  rotating  electrodes.  It  is  hoped  that  some  means 
may  be  found  to  avoid  the  porous  cup  altogether,  or  at  least  allow  the 
use  of  cups  of  loose  texture.  Another  source  of  trouble  may  arise 
from  the  contact  of  the  solution  with  filter  paper.  The  organic  sub- 
stances contained  in  the  latter  may  act  chemically  upon  neutral  silver 
nitrate  solution.  Filter  paper  should  therefore  not  be  used  in  the 
preparation  of  the  electrolyte  nor  in  the  coulometer. 

7.  The  following  table  shows  a  comparison  between  different  types. 
In  the  first  column  the  description  of  the  instrument  is  given,  and  in 

«Fischer:  ZS.  anorg.  Chem.,  48,  p.  177;  1904. 
^  Van  Dijk:  Arch,  neerl.  Sci.  exactes  et  nat,  9,  p.  442;  1904. 
<^  Trans.  Intern.  Electr.  Congr.,  St.  Louis,  2,  p.  106;  1905. 
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the  following  column  the  difFerences  between  the  mass  of  the  deposit 
and  that  in  the  porous  cup  coulometer,  if  in  the  latter  one  gram  of 
silver  were  deposited.  The  filter  paper  type  includes  the  one  used 
by  Van  Dijk  and  Kunst,^  who  surrounded  the  anode  by  a  thimble 
of  filter  paper,  as  used  in  Soxhlet's  extraction  apparatus.  On  the 
average  the  filter  paper  coulometer  yields  1.00045  grams  to  one  gram 
in  the  standard  or  porous  cup  type.  Eahle  compared  the  siphon 
type  and  the  silver  oxide  type  with  the  ordinary  form.  In  order  to 
include  his  results  in  this  table,  the  average  difference  between  the 
filter  paper  coulometer  and  the  standard  have  been  added  to  the 
numerical  values  found  by  him. 

Table  EL. 


No. 

Type. 

Kahle. 

Richards. 

Guthe. 

Van 
Dijk. 

Aver- 

1898. 

1899. 

1902. 

1904. 

1904. 

age. 

1 

Anode  surrounded  by  filter  pa- 
per  

mg 

mg 
0.82 

mg 
0.34 

mg 
0.48 

0.57 

mg 
0.28 

mg 
0.45 

2 

Anode  surrounded  by  granulated 
silver  and  filter  paper 

0.57 

3 

Anode  surrounded  by  filter  pa- 
per;  solution  saturated  with 
Aff,0 

0.95 

2.03 

1.12 
0.55 

1.2 

4 

Anode   surrounded   by  porous 
cup;  solution  saturated  with 
AfoO 

0.55 

0.12 
0.11 

0.55 

5 

Glass  dish  under  anode 

0.45 
0.05 

0.3 

6 

Anode  and  kathode  in  different 
vessels,  connected  by  a  siphon. 

1 

0.03 

We  see  that  the  usual  filter-paper  type  (No.  1  in  the  above  table) 
with  a  silver  nitrate  solution  gives  a  deposit  1  part  in  2,000  larger  than 
the  standard  porous  cup  coulometer.  It  should,  however,  be  remarked 
that  the  porous  cup  does  not  entirely  prevent  the  diffusion  of  the  com- 
plex ion  into  the  kathode  space,  and  this  will  become  the  more  appar- 
ent the  longer  the  time  of  electrolysis.  It  would  therefore  be  a 
decided  advantage  if  a  method  could  be  devised  in  which  the  use  of 


<>  Van  Dijk  and  Kunst:  Proc.  Roy.  Ac.  Amsterdam,  Jan.  21, 1904,  and  Ann.  Phys., 
14,  p.  569;  1904. 
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a  porous  cup  is  unnecessary.  The  low  values  obtained  by  Van  Dijk 
may  possibly  be  due  to  a  looser  texture  of  the  cups,  but  it  is  difficult 
to  decide  this  question  on  account  of  the  unreliability  shown  by  two 
ordinary  coulometers  put  in  series  and  treated  in  exactly  the  same 
way..  Kohlrausch's  form  gives  intermediate  results,  as  was  to  be 
expected. 

As  the  investigations  referred  to  show,  we  can  rely  upon  the  porous 
cup  coulometer  to  at  least  within  1  part  in  10,000,  even  for  inde- 
pendent series  of  experiments.  It  would  therefore  be  a  decided  step 
in  advance  if  one  of  these  types  was  substituted  for  the  one  now  in 
conunon  use.  This  would  necessitate  a  change  in  the  accepted  value 
of  the  electrochemical  equivalent  of  silver,  as  will  be  shown  later — 
i.  e.,  if  in  the  future  the  unit  of  electric  current  should  still  be  defined 
on  the  basis  of  the  c.  g.  s.  system. 

8.  Whether  or  not  there  are  other  disturbing  factors  of  minor 
importance  only  an  extended  research  with  the  porous  cup  coulome- 
ter will  show.  Some  of  the  earlier  experiments  are  not  conclusive  in 
this  respect;  they  were  made  with  the  usual  type,  and  often  the  dif- 
ferences observed  amount  to  less  than  what  we  may  expect.  Besides, 
different  investigators  frequently  contradict  each  other. 

In  the  silver  coulometer  a  neutral  solution  of  silver  nitrate  is  recom- 
mended. To  test  the  neutrality  it  seems  best  to  precipitate  the  silver 
by  means  of  neutral  sodium  chloride  solution  and  test  the  filtrate  with 
methylorange.  If  the  crystals  contain  acid  it  may  be  well  to  melt 
them  in  a  silver  or  platinum  crucible. 

As  Kahle  has  shown,  a  neutral  solution  becomes  acid  on  being  used. 
Richards  explains  this  by  a  deionization  of  hydroxyl  ions  with  the 
formation  of  silver  oxide,  and  a  consequent  excess  of  ionized  hydrogen 
in  solution.  That  the  mere  presence  of  acid  can  not  be  held  responsi- 
ble for  the  trouble  follows  from  Rodgers  and  Watson's  and  Leduc's 
investigations  with  an  originally  acid  solution.  The  latter  found  the 
deposits  1  part  in  5,000  lighter  than  without  the  addition  of  the  acid 
to  the  electrolyte.  In  fact,  if  the  original  amount  of  free  acid  sur- 
passes a  definite  percentage,  then  on  electrolysis  the  amount  decreases. 
I  believe  that  the  addition  of  acid  or  some  other  oxidizing  agent  to 
the  anode  side  of  a  porous  cup  coulometer  will  be  of  help  in  either 
preventing  the  formation  of  the  complex  ion  or  in  breaking  it  up. 
Experiments  in  this  direction  are  in  progress. 

The  Reichsanstalt  recommends  that  acid  be  not  used,  lest  impuri- 
ties of  the  anode  pass  into  solution.  The  influence  of  impurities  in 
the  solution  seems,  however,  to  be  of  little  importance,  as  shown  by 
Rayleigh  and  Mrs.  Sidgwick,  who  added  a  large  proportion  of  copper 
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sulphate  to  the  solution,  and  by  Leduc,  who  added  copper  sulphate  and 
also  potassium  nitrate.  The  deposits  did  not  contain  any  of  these 
impurities.  If  the  current  is  not  too  large,  it  may  be  stated  as  a  gen- 
eral rule  that  metals  which  require  a  higher  cathodic  difference  of 
potential  than  silver  will  not  be  found  in  the  deposits.  The  presence 
of  a  small  amount  of  nitrite  does  not  influence  the  result,  but  in  a  sil- 
ver-nitrate solution  saturated  with  nitrite  the  deposit  becomes  too 
heavy. 

The  presence  of  rarer  metals  would  seem  to  be  more  serious,  but 
they  are  hardly  ever  found  in  appreciable  quantities  in  conmiercial 
silver,  and,  moreover,  their  electrochemical  equivalents  are  not  very 
different  from  that  of  silver.  Extreme  care  in  the  selection  of  mate- 
rial for  the  electrolyte  as  well  as  the  anode  seems,  therefore,  to  be 
unnecessary.  We  may  even  use  a  soluble  electrode  of  a  metal  like 
zinc  and  still  obtain  satisfactory  results,  as  Richards  and  Heimrod 
proved. 

9.  One  great  objection  is  found  in  the  tendency  to  looseness  which 
the  silver  obtained  from  nitrate  solution  frequently  shows.  The 
addition  of  a  small  proportion  of  silver  acetate  greatly  improves  the 
texture  of  the  deposit,  but,  as  was  shown  by  Rayleigh  and  Mrs.  Sidg- 
wick,  the  deposit  is  always  too  heavy,  possibly  owing  to  an  inclusion 
of  liquid. 

Richards  suggests  that  in  this  case  the  concentration  of  the  oxide- 
complex  is  larger  than  in  the  nitrate  solution,  and  therefore  the  deposit 
heavier.  Lord  Rayleigh  employed  silver  chlorate  as  electrolyte  and 
obtained  results  closely  agreeing  with  those  given  by  a  silver  nitrate 
coulometer.  Deposits  from  /cyanide  solution  are  pure  white  and  show 
no  tendency  to  looseness.  Leduc^  has  made  some  experiments  with 
potassium  silver  cyanide,  but  the  amount  of  silver  collected  was 
entirely  too  small,  which  he  attributed  to  a  simultaneous  development 
of  hydrogen  and  silver  at  the  kathode  and  to  an  occlusion  of  the  for- 
mer in  the  silver.  Farup,*  however,  has  shown  that  hydrogen  is  not 
produced,  but  that  the  silver  is  dissolved  by  potassium  cyanide  if  air 
is  present  in  the  solution.  He  employs,  therefore,  a  silver  coulometer 
with  potassium  iilver  cyanide  as  electrolyte,  but  saturates  the  solution 
with  hydrogen.  The  results  obtained  by  him  are  quite  satisfactory, 
though  I  believe  that  with  larger  deposits  trouble  may  arise  due  to 
occlusion  of  the  liquid  in  the  deposits.  For  small  currents,  however, 
this  form  seems  to  be  very  useful. 

It  is  claimed  that  deposits  from  pure  silver  nitrate  solution  keep 
some  of  the  liquid  included.    This  will  show  itself  in  a  decrease  of 

oLeduc:  Rapports  Congr.  Intemat  de  Phys.,  1900,  2,  p.  440. 
^Eanip:  ZS.  f.  Electroch.,  8,  p.  568;  1902. 
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weight  when  the  deposit  is  heated  to  nearly  red  heat,  the  nitrate  being 
decomposed.  According  to  Rayleigh  and  Mrs.  Sidgwick,  there  was 
sometimes  no  loss  on  heating,  but  perhaps  more  often  a  slight  decrease. 
Kahle  advises  a  treatment  for  ten  to  twenty  minutes  with  water  at  a 
temperature  of  70^  to  90^  C,  to  insure  the  complete  removal  of  the 
mother  liquid.  Richards  also  found  a  slight  amount  included;  but 
Gray  claims  that  with  proper  washing  the  plates  may  be  heated  with- 
out any  sensible  loss  of  weight.  This  statement  has  been  recently 
corroborated  by  Van  Dijk,<»  who,  after  washing  and  drying  at  150^, 
heated  the  deposits  in  an  electric  furnace  to  500^  and  600^  C.  without 
noticing  a  loss  in  weight.  The  silver  may  either  be  freshly  formed  on 
a  platinum  surface  or  on  another  former  silver  deposit.  Only  in  the 
case  that  a  new  deposit  is  formed  on  an  old  one  which  had  been  heated  to 
500°  C.  a  decrease  could  be  noticed,  but  this  is  explained  by  the  crack- 
ing of  the  old  crystals,  due  to  the  heating  and  consequent  inclusion  of 
liquid  in  the  fissures.  It  seems,  therefore,  unnecessary  to  correct  for 
included  mother  liquid  in  a  deposit  properly  washed  and  dried. 

10.  The  question  of  the  solubility  of  silver  in  different  liquids  is 
one  of  great  importance. 

According  to  Richards  and  Heimrod,  pure  silver  when  boiled  with 
a  silver-nitrate  solution  will  produce  nitrite  of  silver  in  small  quanti- 
ties, but  the  Reichsanstalt  makes  the  statement  that  this  is  not  the 
case,  and  that  therefore,  under  normal  conditions,  a  reduction  to 
nitrite  can  not  be  observed  in  a  silver  coulometer.  Kahle,  Myers, 
and  Merrill  *  observed  a  decrease  of  the  weight  of  silver  when  it  was 
treated  with  warm  water,  but  Richards,  Collins  and  Heimrod,  Leduc, 
and  Guthe  could  not  detect  any  change  when  the  deposit  was  left 
standing  under  water  for  houra,  while  Van  Dijk  asserts  that  in  water 
of  80°  C.  not  more  than  0.1  mg  is  dissolved  in  several  hours  for  each 
gram  of  silver  deposited. 

The  concentration  of  the  silver  nitrate  solution  seems  to  affect  only 
the  texture  of  the  deposit,  which  has  a  tendency  to  looseness  if  the 
solution  is  too  weak  in  relation  to  the  current.  Though  Gray  con- 
siders it  a  mistake  to  use  solutions  containing  more  or  even  as  much 
as  10  per  cent  of  silver  nitrate,  all  other  observers  deny  any  influence 
of  concentration,  and  generally  recommend  high  concentration,  i.  e., 
from  15  per  cent  to  30  per  cent. 

The  Reichsanstalt  has  found  that  silver  oxide  is  almost  insoluble  in 
concentrated  nitrate  solution,  but  the  experiments  referred  to  above 
show  that  solutions  treated  with  the  oxide  are  favorable  to  the  forma- 
tion of  the  complex  ion  and  will  yield  too  much  silver. 

aVan  Dijk,  Arch,  n^rl,  10,  p.  287,  1905. 
&  Merrill:  Phys.  Rev.,  10,  p.  67,  1900. 
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11.  Schuster  and  Crossley  stated  that  the  deposits  of  silver  in  vacuo 
were  about  1  part  in  1,000  larger  than  those  obtained  from  solutions 
surrounded  by  air,  and  these  again  larger  than  those  formed  in  an 
atmosphere  of  oxygen.  The  former  result  was  verified  by  Kahle, 
Richards,  and  Myers.  ^  The  latter  also  found  an  increase  when  the 
liquid  was  saturated  with  nitrogen,  but  a  decrease  when  the  dissolved 
gas  was  carbon  dioxide.  It  is  reasonable  to  suppose  that  the  increased 
weight  of.  the  deposit  is  due  to  the  removal  of  oxygen  from  the  solu- 
tion and  not  to  a  change  in  pressure.  In  addition,  Merrill  shoived 
that  an  increase  of  pressure  to  103  atmospheres  has  no  appreciable 
effect. 

Rayleigh  and  Mrs.  Sidgwick  observed  an  increase  of  deposit  with 
increase  of  temperature;  Leduc  a  decrease;  Richards,  Collins,  and  Heim- 
rod  obtained  as  well  at  60^  C.  as  at  0^  C.  a  larger  deposit  than  at  20°  C. 

12.  Almost  all  observers  agree  that  the  size  of  the  cathode  makes 
no  difference  as  long  as  the  current  density  is  kept  within  about  1 
ampere  per  50  to  500  cm*  of  cathode  surface.  An  objection  has  been 
made  to  the  use  of  the  ampere  as  one  of  the  fundamental  electrical 
standards,  because  the  ordinary  si^e  of  silver  coulometer  allows  only 
currents  of  the  magnitude  of  one  ampere  to  be  measured.  An  increase 
in  the  current  limit  may  possibly  be  obtained  by  the  use  of  rotating 
cathodes,  as  now  employed  so  successfully  in  chemical  analysis.  With 
a  rotating  cathode  a  considerably  larger  current  can  be  allowed  than 
with  a  stationary  cathode.  According  to  Schuster  and  Crossley  too 
great  a  current  density  at  the  anode  is  accompanied  by  a  smaller 
deposit;  according  to  Leduc  just  the  opposite  is  the  case,  while  Merrill 
could  find  no  measurable  effect  due  to  a  variation  in  the  size  of  the 
electrodes.  The  author's  experiments  lead  to  the  conclusion  that  in 
the  porous-cup  coulometers  the  size  of  the  anode  does  not  come  into 
account.  It  is,  however,  well  to  keep  in  mind  that  the  drop  of  poten- 
tial should  not  be  large  enough  to  allow  a  decomposition  of  water.  In 
all  ordinary  forms  of  silver  coulometers  the  potential  difference  is  suf- 
ficiently small. 

With  the  usual  type  of  coulometer  Kahle  as  well  as  Van  Dijk 
obtained  a  somewhat  larger  deposit  on  a  silver  cathode  than  on  plati- 
num, and  considers,  therefore,  as  normal  deposits  those  obtained  on 
silver.  Richards  and  Heimrod  confirm  this  observation,  but  find  that 
with  a  porous-cup  coulometer  no  such  difference  appears.  The  author 
also  obtained  identical  results  when  the  cathode  was  platinum  as  when 
silver  had  been  previously  deposited  on  it  The  explanation  of 
Eahle's  results  is  to  be  sought  in  the  action  of  silver  upon  the  heavy 
anode  liquid  mentioned  above. 

«Myera:  Wied.  Ann.,  55,  p.  288,  1895. 
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The  ELEGTROGHEBaoAL  Equiyalbnt  of  Silyeb. 

18.  The  electrochemical  equivalent  of  silver  has  been  determined 
repeatedly  by  absolute  measurements,  i.  e.,  by  means  of  instruments 
which  allow  a  calculation  of  the  current  in  terms  of  the  fundamental 
units  of  mass,  length,  and  time.  Among  the  earlier  investigations 
only  those  of  Rayleigh  and  Mrs.  Sidgwick  and  of  Fr.  and  W.  Kohl- 
rausch  can  be  considered  accurate.  In  order  to  express  all  measure- 
ments in  terms  of  the  same  standard,  the  different  values  found  have 
been  reduced  to  those  given  by  tlie  porous-cup  coulometer,  and  these 
are  given  in  the  last  columns  of  the  following  table.  Since  in  most 
cases  the  exact  conditions  of  the  experiments  are  unknown,  these  cor- 
rected values  will  simply  give  a  general  idea  of  the  agreement  between 
different  observers. 

As  will  be  seen,  Richards's  and  Van  Dijk's  corrections  differ  consid- 
erably. In  deciding  upon  my  own  corrections  I  have  taken  the 
average  of  these  two  and  those  proposed  by  myself  elsewhere.^ 

It  was  thought  unnecessary  to  take  into  account  the  possible  effect 
of  included  mother  liquid. 

From  this  list  we  see  that  the  results  obtained  so  far  are  not  very 
satisfactory. 

The  most  reliable  experiments  made  in  the  United  States,  England, 
Germany,  and  the  Netherlands  lead  to  an  average  of  1.1178  mg  for 
the  electrochemical  equivalent  of  silver,  while  the  last  two  French 
determinations  give  a  value  of  about  1  in  1,000  higher  than  this. 
Redeterminations  in  absolute  measure  with  the  use  of  a  reliable  form 
of  coulometer  are  highly  desirable. 

14.  The  electrochemical  equivalent  of  silver  may  also  be  expressed 
in  terms  of  the  electromotive  force  of  a  standard  cell,  i.  e.,  by 
comparing  the  electromotive  force  of  the  cell  with  the  potential  differ- 
ence produced  by  the  current  at  the  terminals  of  a  known  resistance. 
The  electrochemical  equivalent  will  depend  upon  the  value  chosen 
for  the  electromotive  force  of  the  standard  cell.  The  legalized  value 
for  the  Clark  cell  is  1.434  volts.  But  this  is  probably  too  high.  In 
Germany  the  electromotive  force  of  the  Clark  cell  is  derived  from 
silver-coulometric  measurements,  and  the  Beichsanstalt  has  chosen 
as  the  working  value  1.4328  volts  at  15^  C.  In  the  following  table 
the  electrochemical  equivalent  of  silver  is  calculated  as  well  for  an 
electromotive  force  =1.434  as  for  1.433  volts. 


^^Transactions  of  the  International  Electrical  Congress,  St  Louis,  II,  p.  104,  1905. 
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Table  IV. 


Year. 

Electrochemical  equivalent. 

Observer. 

E=1.434  volts. 

E=1.433  volte. 

Usual 
type. 

mg 
1.1172 
1.1183 
1.1180 
1.1183 
1. 1193 
1.1173 
1. 1174 

Porous 
cupC. 

Usual 
type. 

Porous 
cup  C. 

Carhart« 

1882 
1884 
1884 
1892 
1898 
1898 
1904 

mg 
1. 1167 
1.1178 
1. 1176 
1. 1178 
1.1188 
1.1167 

L1168 

1 

mg 
1.1180 
1.1192 
1.1188 
1. 1191 
1.1120 
1.1180 
1.1181 

mg 
1. 1175 

Rayleigh  and  Sidgwick 

Von  Ettihshaosen  ^ 

1. 1187 
1.1183 

Glazebrook  and  Skinner 

Perot  and  Fabry  <^ 

1.1186 
1.1196 

Kahle 

1. 1175 

Guthe 

1. 1176 

aCarbart:,Am.  Jour.  Sci.,  28,  p.  374;  1884. 

&  Von  Ettinghausen:  Z8.  f.  Electrotechnik,  2,  p.  484;  1884. 

c Perot  and  Fabry:  Ann.  Fac.  des  Sci.  Marseille,  8,  p.  201;  1898. 

In  the  case  of  Perot  and  Fabry,  who  used  a  Clark  cell  at  0^  C.  and 
found  its  electromotive  force  to  be  1.4522  volts,  using  1.118  mg  as  the 
electrochemical  equivalent,  the  difference  of  0.0164  volt  given  by  the 
Reichsanstalt  has  been  used  to  reduce  to  15^  C,  instead  of  the  ratio 
given  by  them.  The  latter  would  give  1.1180  mg  in  the  first  column 
and  corresponding  values  in  the  others  and  make  the  agreement  with 
the  earlier  experiments  a  very  close  one. 

The  large  differences  between  the  earlier  and  the  more  recent  com- 
parisons can  hardly  be  due  to  the  silver  coulometer  alone.  Doubtless 
the  Clark  cell  comes  in  for  its  share. 

Wolff  and  Carhart  and  Hulett  have  lately  discovered  an  electrolytic 
method  of  preparing  mercurous  sulphate.  Cadmium  standard  cells, 
in  which  this  substance  is  used,  show,  according  to  preliminaiy 
reports,  an  excellent  agreement  among  themselves,  and  no  variation 
in  their  electromotive  force  in  course  of  time  as  far  as  can  be  ascer- 
tained during  a  relatively  short  period. 

With  the  improvement  of  our  standard  of  electromotive  force  and 
the  construction  of  a  reliable  silver  coulometer,  a  wide  and  interesting 
field  for  research  has  been  opened,  and  it  is  to  be  expected  that  the 
new  determination  of  the  volt  and  the  ampere,  which  are  in  progress 
in  the  different  countries,  will  show  an  agreement  considerably  better 
than  the  older  ones. 


HISTORY  OF   THE  STANDARD  WEIGHTS  AND  MEASURES 

OF  THE  UNITED  STATES." 


By  Louis  A.  Fischsr. 


The  subject  of  weights  and  measures  is  one  of  such  great  interest 
and  importance  and  is  attracting  so  much  attention  in  this  country 
and  in  England  at  the  present  time  that  a  short  account  of  the  steps 
taken  to  secure  uniformity  in  the  United  States  is  deemed  an  appro- 
priate subject  to  bring  to  the  attention  of  this  convention. 

The  attention  of  the  United  States  Government  has  long  been 
directed  toward  securing  uniformity  in  this  country,  and  in  the  effort 
to  secure  international  agreement  in  weights  and  measures  it  has 
always  shown  the  greatest  interest.  The  history  of  the  original  Con- 
federation of  States  and  of  the  constitutional  government  of  the 
United  States  is  full  of  evidences  of  the  perplexities  arising  from  the 
diversity  of  weights  and  measures  throughout  their  jurisdiction  and 
of  the  desirability  of  a  uniform  system. 

The  weights  and  measures  in  common  use  in  this  country  at  the 
time  of  the  American  Revolution  were  all  of  English  origin  and  were 
in  use  in  England  at  that  period.  The  principal  units  were  the  yard, 
the  avoirdupois  pound,  the  gallon,  and  the  bushel.  More  or  less 
authentic  copies  of  the  English  standards  of  the  denominations  men- 
tioned had  been  brought  over  from  time  to  time  and  adopted  by  the 
different  colonies.  Divergencies  in  these  weights  and  measures  were, 
however,  quite  common,  due  no  doubt  to  the  fact  that  the  system  of 
weights  and  measures  of  England  was  not  itself  well  established,  and 
hence  the  copies  brought  to  this  country  were  often  adjusted  to 
different  standards. 

That  this  condition  was  recognized  very  early  is  made  evident  by  the 
Articles  of  Confederation  which  contained  the  following  clause:  "The 

0  Ail  address  delivered  before  the  First  Annual  Meeting  of  the  Sealers  of  Weights 

and  Measures  of  the  United  States  at  the  Bureau  of  Standards,  Washington,  D.  C, 

1906. 
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United  States  in  Congress  assembled  shall  also  have  the  sole  and  exclu- 
sive right  and  power  of  regulating  the  alloy  and  value  of  coin  struck 
by  their  own  authority,  or  by  that  of  the  respective  States— fixing  the 
standard  of  weights  and  measures  throughout  the  United  States." 
This  power  was  transfeiTed  to  Congress  by  the  Constitution  of  the 
United  States  in  article  1,  section  8,  the  language  being  as  follows: 
"The  Congress  shall  have  Power  ...  To  coin  Money,  regulate  the 
Value  thereof,  and  of  foreign  Coin,  and  fix  the  Standard  of  Weights 
and  Measures;". 

While  Congress  was  not  slow  to  take  action  in  regard  to  coinage,  it 
seems  not  to  have  been  inclined  to  come  to  a  decision  in  regard  to 
weights  and  measures,  though  apparently  willing  enough  to  consider 
the  subject.  Washington,  in  his  first  annual  message  to  Congress, 
January,  1790,*  stated  that  "uniformity  in  the  currency,  weights,  and 
measures  of  the  United  States  is  an  object  of  great  importance,  and 
will,  I  am  persuaded,  be  duly  attended  to."  In  accordance  with  Wash- 
ington's suggestion,  the  matter  was  referred  to  a  select  conunittee  of 
the  House  of  Representatives  with  instructions  to  prepare  a  bill,  and 
it  was  also  ordered  that  the  matter  be  referred  to  the  Secretary  of 
State  to  prepare  and  report  to  the  House  a  proper  plan  for  establish- 
ing uniformity  in  the  weights  and  measures.^  Jefferson  was  then  Sec- 
retary of  State,  and  in  response  to  the  above  request  made  a  report, 
in  which  he  proposed  two  distinct  plans.  The  first  was  substantially 
to  ' '  define  and  render  uniform  and  stable  the  existing  system  *  *  * 
to  reduce  the  dry  and  liquid  measures  to  corresponding  capacities  by 
establishing  a  single  gallon  of  270  cubic  inches  and  a  bushel  of  eight 
gallons,  or  2,160  cubic  inches  *  *  *."  The  second  plan  was  ^^  to 
reduce  every  branch  to  the  same  decimal  ratio  already  established  for 
coin,  and  thus  bring  the  calculations  of  the  principal  affairs  of  life 
within  the  arithmetic  of  every  man  who  can  multiply  and  divide  plain 
numbers."*^ 

No  action  was  taken,  however,  by  the  House  and  in  his  second  mes- 
sage to  Congress,  on  December  8,  1790,  Washington  again  caUed  the 
attention  of  that  body  to  the  importance  of  the  subject.**  A  few  days 
later  the  House  ordered  that  the  report  of  Jefferson,  referred  to  above, 
be  communicated  to  the  Senate.  On  March  1,  1791,  the  Senate  com- 
mittee to  which  the  matter  had  been  referred  reported  that  it  would 
not  be  eligible  to  make  a  change  in  the  weights  and  measures,  as  a 

<>  Messages  and  Papers  of  the  Presidents,  1,  p.  66. 
&  Congressional  Register,  8,  p.  106. 
^^  Journal  of  the  H.  R.,  Childs  &  Swaine,  p.  106. 
<<  Messages  and  Papers  of  the  Presidents,  1,  pp.  83. 
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proposition  had  been  made  to  the  French  and  British  Governments  to 
obtain  an  international  standard.^  This  report  was  accepted  and  the 
matter  rested  there,  although  Washington,  on  October  25, 1791,  repeated 
his  former  recommendations  in  his  third  annual  message  to  Congress, 
in  the  following  language:^ 

A  oniformity  in  the  weights  and  measures  of  the  country  is  among  the  important 
objects  submitted  to  you  by  the  Constitution  and  if  it  can  be  derived  from  a  standard 
at  once  invariable  and  universal,  must  be  no  less  honorable  to  the  public  councils 
than  conducive  to  the  public  convenience. 

A  week  later  the  Senate  appointed  a  committee  to  take  into  consid- 
eration the  subject  of  weights  and  measures.  The  committee  reported 
on  the  4th  of  April,  1792,  recommending  the  adoption  of  the  second 
plan  proposed  by  Jefferson,  which  wa«  an  entirely  decimal  system. 
Again  no  definite  action  was  taken.  The  matter  was  considered  in  a 
desultory  way  by  Congress  from  time  to  time,  but  no  agreement  was 
reached  notwithstanding  that  the  repeated  recommendations  of  Wash- 
ington were  followed  by  those  of  Adams.  A  sufficient  explanation  for 
the  disinclination  of  Congress  to  act  in  a  matter  of  such  admitted 
importance  was  the  difficulty  of  agreeing  upon  a  plan. 

The  Fifth  Congress,  second  session,  in  1799,  passed  an  act  ordering 
that  the  surveyor  (of  each  port  of  the  United  States)  shall  from  time 
to  time,  and  particularly  on  the  first  Monday  of  January  and  July  in 
each  year,  examine  and  try  the  weights,  measures,  and  other  instru- 
ments used  in  ascertaining  the  duties  on  imports  with  standards  to  be 
provided  by  each  collector  at  the  public  expense  for  that  purpose;  and 
when  disagreements  and  errors  are  discovered  he  shall  report  the 
same  to  the  collector  and  obey  and  execute  such  directions  as  he  may 
receive  for  the  correction  thereof  agreeably  to  the  standards  af oresaid.^^ 

This  was  the  first  act  passed  by  Congress  in  regard  to  weights  and 
measures,  but  in  view  of  the  fact  that  no  standards  had  ever  been 
adopted  the  legislation  was  not  put  into  operation  until  about  thirty- 
five  years  after  its  passage,  when  certain  standards,  which  will  be 
referred  to  later,  were  adopted  by  the  Treasury  Department. 

After  the  war  of  1812  the  question  of  uniformity  in  weights  and 
measures  was  again  brought  to  the  attention  of  Congress,  and  in  1819 
a  committee  of  the  House  of  Representatives  proposed  to  adopt  abso- 
lute standards  conforming  to  the  weights  and  measures  in  common 
use;  to  obtain  through  a  commission  copies  of  the  yard,  the  bushel, 
the  wine  gallon,  and  the  poimd  supposed  to  conform  to  those  in  com- 
mon use  in  the  United  States;  to  preserve  these  standards  and  to  dis- 

<>  Journal  of  the  Senate,  p.  143;  John  L.  Fenno. 
^  Messages  and  Papers  of  the  Presidents,  1,  p.  108. 
^  Statutes  at  Large,  1,  p.  643. 
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tribute  copies  of  tbem;  to  compare  the  length  measure  with  the  length 
of  the  second's  pendulum  and  also  with  that  of  an  arc  of  the  terrestrial 
meridian;  to  connect  them  by  determining  the  weight  of  a  certain  bulk 
of  distilled  water,  and  to  define  the  bushel  and  the  gallon  by  the  weight 
of  water  which  they  contain.*'  No  further  record  of  the  report  is 
found,  and  it  may  be  assumed  that  no  action  upon  it  was  taken.  The 
Senate  had,  by  a  resolution  adopted  March  3,  1817 — two  years  prior 
to  the  above  report — requested  the  Secretary  of  State  to  prepare  and 
report  a  *' statement"  relative  to  the  regulations  and  standards  for 
weights  and  measures  in  the  several  States  and  relative  to  the  pro- 
ceedings in  foreign  countries  for  establishing  uniformity  in  weights 
and  measures,  together  with  such  propositions  relative  thereto  as  might 
be  proper  to  adopt  in  the  United  States. 

John  Quincy  Adams  was  at  that  time  Secretary  of  State,  and  four 
years  later — namely,  on  February  22, 1821 — he  submitted  an  elaborate 
report  to  the  House  of  Representatives,  in  which,  among  other  recom- 
mendations, the  following  are  found: 

(1)  To  fix  the  standard  with  the  partial  uniformity  of  which  it  is 
susceptible  for  the  present,  excluding  all  innovations. 

(2)  To  consult  with  foreign  nations  for  the  future  and  ultimate 
establishment  of  universal  and  permanent  uniformity. 

As  before.  Congress  took  no  action,  probably  because  the  situation 
at  that  time  was  extremely  complicated.  Neither  the  metric  system 
in  France  nor  the  system  in  common  use  in  England  was  well  estab- 
lished. In  France  the  law  making  the  metric  system  compulsory 
had  been  repealed,  and  the  metric  system  was  in  use  side  by  side  with 
the  ancient  weights  and  measures,  thus  producing  endless  confusion. 
In  England  the  situation  was  not  much  better;  the  ale  gallon  of  282 
cubic  inches  and  the  wine  gallon  of  231  cubic  inches  were  both  in  use 
until  1824,  when  the  new  imperial  gallon,  containing  10  pounds  of 
water,  and  of  a  capacity  of  about  277i  cubic  inches,  was  adopted, 
together  with  the  bushel  of  8  gallons.  Neither  of  these  measures 
was  in  use  in  this  country,  and  hence  the  United  States  could  not  at 
that  time  adopt  either  the  system  in  use  in  England  or  the  one  in  France 
without  introducing  radical  changes  in  the  weights  and  measures 
already  in  use,  nor  was  there  at  that  time  any  positive  assurance  that 
either  the  English  or  the  metric  system  would  be  permanent. 

While  Congress  had  been  considering  the  matter,  most  of  the  States 
had,  independently  of  one  another,  secured  and  adopted  standards. 
Most  of  the  standards  thus  adopted  were  brought  from  England; 
nevertheless,   standards  of  the  same  denomination   differed  widely 

<» Executive  Doc.  No.  73,  30th  CJong.,  let  sees.,  Senate. 
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among  themselves,   thus  perpetuating  confusion  in  the  commerce 
between  adjacent  States. 

Though  confusion  in  commercial  transactions  might  be  overlooked, 
uncertainty  in  regard  to  the  coinage  could  not  be  tolerated,  and  on 
May  19,  1828,  a  certain  troy  pound  was  adopted  as  the  standard  for 
coinage  by  Congress  in  an  "Act  to  continue  the  Mint  at  the  City  of 
Philadelphia,  and  for  other  purposes."  The  section  2  of  the  act 
referred  to  reads  as  follows: 

And  be  it  further  enactedf  That,  for  the  purpose  of  securing  a  due  conformity  in 
weight  of  the  coins  of  the  United  States  *  *  *  the  brass  troy  pound  weight  pro- 
cured by  the  minister  of  the  United  States  at  London,  in  the  year  one  thousand  eight 
hundred  and  twenty-seven,  for  the  use  of  the  mmt,  and  now  in  the  custody  of  the 
Mint  at  Philadelphia,  shall  be  the  standard  troy  pound  of  the  Mint  of  the  United 
States,  conformably  to  which  the  coinage  thereof  shall  be  regulated. 

The  troy  pound  thus  adopted  had  been  procured  in  the  year  1827  by 
Albert  Gallatin,  minister  of  the  United  States  at  London,  and  brought 
to  this  country  by  special  messenger,  who  delivered  it  to  the  director 
of  the  Mint  at  Philadelphia.  The  weight  was  of  brass  and  an  exact 
copy  of  the  imperial  troy  pound  of  Great  Britain,  according  to  the 
statement  of  Captain  Kater,  who  made  the  comparison  between  the 
two  standards.  The  casket  and  accompanying  packages  were  retained 
under  seal  until  Mr.  Adams,  President  of  the  United  States,  visited 
Philadelphia  and  verified  the  seal  of  Mr.  Gallatin  and  the  other  factb 
in  regard  to  its  authenticity. 

This  ceremony  took  place  on  October  12,  1827,  and  the  full  certifi- 
cate of  President  Adams  in  regard  to  the  seal,  which  he  readily  recog- 
nized, and  to  the  whole  transaction  and  consequent  accuracy  of  the 
weight  was  added  to  the  vouchers  in  the  case.  He  declared,  in  conclu- 
sion, his  belief  that  the  brass  weight  then  exhibited  was  the  identical 
pound  copy  of  the  imperial  standard  troy  pound  of  Great  Britain 
referred  to  in  the  aforesaid  certificates.^  The  foregoing  facts  were 
communicated  to  Congress  through  the  Committee  on  the  Mint  and 
resulted  in  the  passage  of  the  act  cited  above. 

While  the  act  of  Congress  of  1828  only  made  this  pound  the  standard 
for  coinage,  it  virtually  became  the  fundamental  standard  of  the  United 
States  from  which  the  avoirdupois  pound  in  common  use  was  derived. 

On  May  29, 1830,  two  years  after  the  mint  pound  had  been  legalized 
for  coinage,  the  Senate  passed  a  resolution  directing  the  Secretary  of 
the  Treasury  to  cause  a  comparison  of  the  weights  and  measures  in  use 
at  the  principal  custom-houses  to  be  made,  and  to  report  to  the  Senate 
at  its  next  session. 


«  Report  on  Weights  and  Measures,  Franklin  Institute,  1834,  Appendix  No.  VII. 
2214— No.  3—05 6 
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Steps  were  promptly  taken  by  the  Treasury  Department  to  comply 
w^h  the  resolution  of  the  Senate,  and  the  preliminary  report  of  F.  BL 
Hassler,  Superintendent  of  the  Coast  Survey,  to  whom  the  investiga- 
tion had  been  intrusted,  was  transmitted  to  the  Senate  on  March  3, 
1831,^  this  being  followed  by  a  more  complete  report  in  June,  1832. 

As  was  anticipated,  large  discrepancies  were  found  to  exist  among 
the  weights  and  measures  in  use  at  the  different  ports,  some  being  too 
small  and  others  too  large,  but  the  average  value  of  the  various 
denominations  agreed  fairly  well  with  the  weights  and  measures  in 
use  in  Great  Britain  at  the  time  of  the  American  Revolution. 

Without  waiting  for  authority  from  Congress  the  Treasury  Depart- 
ment took  immediate  steps  to  correct  the  evil  by  having  constructed, 
under  the  direction  of  Mr.  Hassler,  the  necessary  weights  and  measures 
for  the  customs  service.  The  divergencies  among  the  weights  and 
measures  in  use  in  the  customs  service  were  directly  opposed  to  the 
spirit  of  the  Constitution,  which  requires  that  all  duties,  imposts,  and 
excises  shall  be  uniform  throughout  the  United  States,*  and  the  Secre- 
tary of  the  Treasury  felt  fully  authorized  in  taking  steps  to  secure 
uniformity  when  discrepancies  were  once  known  to  exist. 

Before  weights  and  measures  could  be  constructed,  however,  it  was 
necessary  for  the  Treasury  Department  to  determine  upon  certain 
units  and  to  adopt  material  representatives  of  these  units.  Those 
finally  adopted  were  the  yard  of  36  inches,  the  avoirdupois  pound  of 
7,000  grains,  the  gallon  of  231  cubic  inches,  and  the  bushel  of  2,150.42 
cubic  inches.  The  standard  yard  adopted  was  the  36  inches  comprised 
between  the  twenty-seventh  and  the  sixty-third  inches  of  a  certain 
82-inch  brass  bar,  prepared  for  the  Coast  Survey  by  Troughton,  of 
London.  This  bar  had  been  brought  to  the  United  States  by  Hassler 
in  1813,  and  the  36-inch  space  referred  to  was  supposed  to  be  identical 
with  the  English  standard  at  62^  F.,  though  it  had  never  been  directly 
compared  with  that  standard. 

It  is  evident  from  the  reports  of  Mr.  Hassler  that  he  regarded  the 
English  yard  as  the  real  standard  of  length  of  the  United  States  and 
the  Troughton  scale  merely  as  a  copy  whose  length  should  be  corrected 
if  it  was  subsequently  found  to  differ  from  the  English  yard;  and  this 
view  was  taken  by  those  who  subsequently  had  charge  of  our  stand- 
ards, as  will  be  shown  later  on. 

The  avoirdupois  pound  adopted  by  Mr.  Hassler  as  the  standard  for 
the  Treasury  Department  was  derived  from  the  troy  pound  of  the 
mint  according  to  the  equivalent,  1  avoirdupois  pound  equals  im 

«See  H.  B.  Doc.  No.  299,  22d  Ck)ng.,  let  sees.    " 
ft  Sec.  VIII,  clause  1. 
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pounds  troy.  This  was  the  accepted  relation  in  this  country  as  well 
as  in  England;  hence  both  the  troy  and  avoirdupois  pounds  adopted 
were  in  practical  accord  with  the  similar  standards  of  Great  Britain. 

CAPACITY  STANDARDS. 

The  units  of  capacity,  namely,  the  wine  gallon  of  231  cubic  inches 
and  the  Winchester  bushel  of  2,150.42,  were  adopted,  because,  as  inti- 
mated, they  represented  more  closely  than  any  other  English  stand- 
ards the  average  of  the  capacity  measures  in  use  in  the  United  States 
at  the  date  of  Mr.  Hassler's  investigation.  The  wine  gallon  was  intro- 
duced as  a  wine  measure  into  England  in  1707,  during  the  reign  of 
Queen  Anne,  but  it  was  abolished  in  1824,  when  the  new  imperial 
gallon,  containing  10  pounds  of  water,  was  made  the  standard.  This 
last  statement  applies  also  to  the  bushel  of  2,150.42  cubic  inches.  This 
bushel  is  the  earliest  English  capacity  measure  of  which  we  have  any 
recx)rd,  a  copy  of  it  made  by  order  of  Henry  VII  being  still  in  existence. 
But  this  bushel  had  also  been  abolished  in  England,  it  having  been 
superseded  by  the  bushel  of  8  imperial  gallons.  Therefore  neither  the 
gallon  nor  the  bushel  adopted  by  the  United  States  Treasury  Depart- 
ment was  in  accord  with  the  legal  capacity  standards  of  England,  but 
they  were  smaller  by  about  17  per  cent  and  3  per  cent,  respectively,  and 
these  differences  exist  at  the  present  time.  Not  only  did  they  differ 
from  the  new  standards  in  Great  Britain,  but  they  also  differed  from 
the  discarded  English  standards  from  which  they  were  derived  for  the 
reason  that  Mr.  Hassler  selected  the  temperature  of  the  maximum 
density  of  water,  namely,  39.2^  F.^  as  the  temperature  at  which  the 
United  States  measures  were  standard,  whereas  their  English  proto- 
types were  standard  at  62^  F. 

Such,  then,  were  the  fundamental  standards  adopted  upon  the 
recommendation  of  Mr.  Hassler  by  the  United  States  Treasury 
Department,  and  to  which  the  weights  and  measures  for  the  customs 
service  were  made  to  conform.  The  construction  of  the  weights  and 
measures  for  this  purpose  was  pushed  with  almost  feverish  haste,  and 
so  well  satisfied  was  Congress  with  the  progress  made  that  the  follow- 
ing resolution  was  passed  and  approved  June  14,  1836: 

Resolved  by  the  Senate  and  House  of  Bepresentatives  of  the  United  States  of  America  in  Con- 
ffress  assembled,  That  the  Secretary  of  the  Treaaury  be,  and  he  hereby  is,  directed  to 
cause  a  complete  set  of  all  weights  and  measures  adopted  as  standards  and  now 
either  made  or  in  progress  of  manufacture  for  the  use  of  the  several  cpstom-houses, 

<>  According  to  the  determination  made  by  Mr.  Hassler  on  the  expansion  of  water, 
39.83^  F.  was  the  temperature  of  maximum  density.  See  report  of  Alexander  D. 
Bache,  Superintendent  of  Weights  and  Measures,  4^-47.  Ex.  Doc.  No.  73,  30th 
Cong.,  IstsesB. 
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and  for  other  parposee,  to  be  delivered  to  the  governor  of  each  State  in  the  Union, 
or  such  person  as  he  may  appoint  for  the  use  of  the  States,  respectively,  to  the  end 
that  a  uniform  standard  of  weights  and  measures  may  be  established  throughout  the 
United  States. 

While  the  act  does  not  speciBcally  adopt  the  standards  above 
described,  the  practical  effect  of  it  was  to  make  them  the  standards 
for  the  United  States,  inasmuch  as  the  weights  distributed  to  the 
States  in  accordance  with  the  act  were  in  almost  every  case  adopted 
by  the  State  legislatures  soon  after  their  receipt. 

The  act  of  1836  was  supplemented  in  1838  by  a  joint  resolution  of 
Congress,  which  directed  the  Secretary  of  the  Treasury  to  furaish 
balances  to  the  States.  By  1838  the  weights  for  the  States  were 
reported  finished,  and  during  the  following  year  the  weights  for  the 
custom-houses  were  completed  and  delivered.® 

By  1850  practically  all  the  States  admitted  to  the  Union  had  been 
supplied  with  complete  sets  of  weights  and  measures,  and  in  addition 
sets  were  presented  to  England,  France,  Japan,  and  Siam.  As  new 
States  were  admitted  they  were  also  supplied  with  sets  of  standards, 
the  last  set  being  supplied  to  North  Dakota  in  1893. 

In  order  to  carry  out  the  provisions  of  the  acts  of  1836  and  1838  the 
Office  of  Weights  and  Measures,  under  the  direction  of  the  Superin- 
tendent of  the  Coast  Survey,  had  been  established,  and  all  the  standards 
adopted  at  the  beginning  of  the  work,  and  subsequently,  were  in 
charge  of  this  OflSce,  with  the  exception  of  the  troy  pound  of  the  mint, 
which  has  always  remained  at  Philadelphia. 

In  October,  1834,  the  British  imperial  yard  and  troy  pound  made  in 
1758,  of  which  the  Troughton  scale  and  the  mint  pound  were  sup- 
posed to  be  exact  copies,  were  destroyed  by  the  burning  of  the  Houses 
of  Parliament.  When  the  new  imperial  standards  to  replace  them 
were  completed  in  1865  two  copies  of  the  yard  and  one  copy  of  the 
avoirdupois  pound  were  presented  to  the  United  States,  arriving  in 
this  country  in  1856.  One  of  these  bars,  namely,  bronze  yard  No.  11, 
was  very  soon  after  compared  with  the  Troughton  scale,  the  result 
showing  that  the  accepted  36  inches  of  the  Troughton  scale  was 
0.00087  inch  longer  than  the  British  imperial  yard.*  The  second  bar 
received  from  England  was  subsequently  compared  with  the  Trough- 
ton  scale  and  fully  corroborated  the  result  obtained  from  the  com- 
parison with  bronze  No.  11.  The  new  yards,  and  especially  bronze 
No.  11,  were  far  superior  to  the  Troughton  scale   as  standards  of 

fl  H.  R.  Doc.  159,  28th  Cong.,  2d  seas. 

&  See  Report  of  the  Secretary  of  the  Treasury  on  the  construction  and  distribution 
of  weights  and  measures  in  1857.     S.  Doc.  No.  27,  34th  Cong.,  3d  sees. 
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length,  and  consequently  they  were  accepted  by  the  Office  of  Weights 
and  Measures  as  the  standards  of  the  United  States,  and  all  compari- 
sons were  afterwards  referred  to  the  imperial  yard  through  these  two 
standards.  They  were  twice  taken  to  England  and  recompared  with 
the  impenal  yard,  once  in  1876  and  again  in  1888. 

The  avoirdupois  pound  presented  with  the  two  yards  was  also  com- 
pared with  the  United  States  avoirdupois  pound  derived  from  the 
mint  pound,  the  result  showing  a  very  satisfactory  agreement.  The 
advent  of  the  new  pound  did  not,  therefore,  disturb  the  position  of 
the  troy  pound  of  the  mint  or  of  the  avoirdupois  pound  derived  from 
the  mint  pound. 

METRIC  SYSTEM. 

The  next  and  perhaps  the  most  important  legislation  enacted  by 
Congress  was  the  act  of  1866  legalizing  the  metric  system  of  weights 
and  measures  in  the  United  States.  The  act,  which  was  passed  July 
28,  1866,  reads  as  follows: 

Be  it  enacted  by  the  Senate  and  House  of  Representatives  of  the  United  States  of  America 
in  Congress  assembled.  That  from  and  after  the  passage  of  this  act  it  shall  be  lawful 
throughout  the  United  States  of  America  to  employ  the  weights  and  measures  of  the 
metric  system,  and  no  contract  or  dealing  or  pleading  in  any  court  shall  be  deemed 
invalid  or  liable  to  objection  because  the  weights  or  measures  expressed  or  referred 
to  therein  are  weights  or  measures  of  the  metric  system. 

Sbc.  2.  And  he  it  further  enacted.  That  the  tables  in  the  schedule  hereto  annexed' 
shall  be  recognized  in  the  construction  of  contracts  and  in  all  legal  proceedings  as 
establishing  in-  terms  of  the  weights  and  measures  now  in  use  in  the  United  States: 
the  equivalents  of  the  weights  and  measures  expressed  therein  in  terms  of  the  metric 
system;  and  said  tables  may  be  lawfully  used  for  computing,  determining,  and 
expressing  in  customary  weights  and  measures  the  weights  and  measures  of  the 
metric  system. 

MBA8USB8  OF  LBVOTH. 


Metric  denominations  and  values. 

Equivalents  in  denominations  in  use. 

Myriameter 10, 000  meters. 

6.2137    miles. 

Kilometer 1,000  meters. 

0.62137  miles,  or  3,280   feet  and    10 

inches. 

Hectometer 100  meters. 

328            feet  and  1  inch. 

Dekameter 10  meters. 

393.7         inches. 

Meter 1  meter. 

39.37       inches. 

Decimeter iV  of  a  meter. 

3.937     inches. 

Centimeter ji^  of  a  meter. 

0.3937    inch. 

Millimeter jq'^^  of  a  meter. 

0.0394   inch. 
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MBA8USB8  OF  CAPACITT. 


Metric  denominationa  and  values. 

Equivalents  in  denominations  in  use. 

Names. 

Number 
of  liters. 

Cubic  measure. 

Dry  measure. 

Liquid  or  wine 
measure. 

Kiloliter    or 
stere. 

Hectoliter 

Dekaliter 

Liter 

1,000 

100 

10 
1 

1  cubic  meter 

^  of  a  cubic  meter . 

10  cubic  decimeters. 

1  cubic  decimeter  . . 

^  of  a  cubic  deci- 
meter. 

10  cubic  centimeters 

1  cubic  centimeter. . 

1.308  cubic  yards. 

2  bushels  and  3.35 
pecks. 

9.08  quarts 

0.908  quart 

6.1022  cubic  inch. 

0.6102  cubic  inch. 
0.061  cubic  inch.. 

264.17  gallons. 

26.417  gallons. 

2.6417  gallons. 
1.0567  quarts. 
0.845  gill. 

0.338fluidounce. 
0.27  fluid  dram. 

Deciliter 

Centiliter 

Milliliter 

MBASURBS  OF  SURFACE. 


Metric  denominations  and  values. 


Hectare 10,000  square  meters. 

Are 100  square  meters. 

Centare 1  square  meter. 


Equivalents  in  denominations  in  use. 


2.471  acres. 
119.6  square  yards. 
1,550    square  inches. 


WBI6HT8. 


Metric  denominations  and  values. 


Names. 


Number  of 
grams. 


Millier  or  tonneau. . . 
Quintal 


Myriagram 

Kilogram  or  kilo 

Hectogram 

Dekagram 

Gram 

Decigram 

Centigram 

Milligram 


1,000,000 

100,000 

10,000 

1,000 

100 

10 

1 

loTT 
TTmr 


Weight  of  what  (]uantitv  of 
water  at  maximum  den- 
sity. 


1  cubic  meter 

1  hectoliter 

10  liters 

lliter 

1  deciliter 

10  cubic  centimeters 

1  cubic  centimeter 

^  of  a  cubic  centimeter  . . 

10  cubic  millimeters 

1  cubic  millimeter 


Equivalents  in 

denominations  in 

use. 


Avoirdupois  weight 


2204.6 
220.46 

22.046 
2.2046 
3. 5274 
0.3527 

15.432 
1.5432 
0.1543 
0.0154 


pounds. 

pounds. 

pounds. 

pounds. 

ounces. 

ounces. 

grains. 

grains. 

grain. 

grain. 
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While  the  above  act  was  being  considered,  Congress  also  considered 
a  resolution  authorizing  the  Secretary  of  the  Treasury  to  fui*nish 
the  States  with  metric  weights  and  measures.  Strange  to  say,  this 
resolution,  which  logically  should  follow,  was  approved  one  day  before 
the  act  legalizing  the  use  of  the  metric  system.  It  was  a  joint  resolu- 
tion and  read  as  follows: 

Be  U  resolved  by  the  Senate  and  House  of  Representatives  of  the  United  States  of  America 
in  Congress  assembled,  That  the  Secretary  of  the  Treasury  be,  and  he  is  hereby,  author- 
ized and  directed  to  furnish  to  each  State,  to  be  delivered  to  the  governor  thereof, 
one  set  of  standard  weights  and  measures  of  the  metric  system  for  the  use  of  the 
states,  respectively. 

The  work  of  making  and  adjusting  these  standards  fell,  naturally, 
upon  the  Office  of  Weights  and  Measures,  and  the  first  question  that  had 
to  be  considered  was  that  of  standards.  The  practice  followed  by  other 
countries  which  had  adopted  the  metric  system  of  accepting  the  meter 
and  the  kilogram  of  the  archives  of  France  as  fundamental  standards 
was  followed  by  the  United  States.  The  question  was  mainly  one  of 
securing  authentic  copies  of  these  standards.  Fortunately  the  Office 
of  Weights  and  Measures  had  several  copies  of  both  standards  of  more 
or  less  authenticity  on  hand,  but  without  hesitation  an  iron  bar,  known 
as  the  ^'committee  meter,"  and  a  platinum  kilogram,  known  as  the 
"Arago  kilogram,"  were  selected. 

COMMITTEE  METER. 

The  committee  meter  is  one  of  fifteen  similar  barn,  whose  lengths 
were  ascertained  in  the  process  of  constructing  the  original  meter  by 
the  French  committee  of  weights  and  measures  in  1799;  hence  its  name, 
' '  committee  meter. " 

The  committee  referred  to  was  composed  of  members  of  the  National 
Institute  of  France  and  of  deputies  from  foreign  countries.  Mr.  J.  G. 
Tralle,  the  deputy  from  the  Helvetic  Republic,  had  been  placed  in 
charge  of  the  construction  of  the  meters,  and  when  the  bars  were  dis- 
tributed among  the  members  of  the  committee  he  secured  two  of  them, 
one  of  which  he  presented  to  Mr.  Hassler.  This  bar  was  therefore  of 
the  highest  authenticity.  As  before  stated,  it  is  made  of  iron,  with 
a  cross  section  of  9  by  29  mm,  and  its  length  is  defined  by  the  end 
surfaces,  which  are  remarkably  plane  when  one  considers  the  age  in 
which  the  bars  were  made.  The  bar  bears  the  stamp  of  the  commit- 
tee, namely,  a  small  ellipse,  whereof  three  quadrants  are  shaded  and  the 
fourth  one  clear,  except  for  the  number  10,000,000,  which  indicates 
the  number  of  meters  in  a  meridian  quadrant  of  the  earth.  It  also 
bears  the  mark  :  •  at  one  end,  by  which  it  was  distinguished  during 
the  comparison  with  the  other  meters.     In  Mr.  Hassler's  report  on  the 
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construction  of  the  meters**  it  is  stated,  on  the  authority  of  Mr,  Tralle, 
that  all  the  meters  agreed  with  the  true  meter  within  one-millionth 
part  of  the  toise.* 

When  Mr.  Hassler  came  to  the  United  States  in  1805  he  brought 
with  him  the  committee  meter,  which  he  soon  after  presented  to  the 
Philosophical  Society  of  Philadelphia,  Pa.  Shortly  after,  when  he 
was  put  in  charge  of  the  survey  of  the  coast,  the  meter  was  placed  at 
his  disposal  by  the  Philosophical  Society,  and  he  made  it  the  standard 
of  length  for  that  work,  and  until  1890  all  base  measurements  of  the 
Survey  were  referred  to  this  meter.^ 

In  view  of  the  foregoing,  it  was  but  natural  that  this  bar  should  be 
selected  as  the  standard  to  which  the  State  meters  should  conform. 

ARAGO  PLATINUM  KILOGRAM. 

The  Arago  kilogram  was  procured  in  1821  by  Mr.  Grallatin  while 
minister  of  the  United  States  to  France  and  was  sent  to  this  country, 
together  with  a  platinum  meter.  The  certificate  of  Arago,  the  cele- 
brated physicist,  which  accompanied  these  standards,  states  that  the 
kilogram  differs  from  the  original  kilogram  des  Archives  by  less 
than  1  mg.  The  weight  is  a  platinum  cylinder  with  flat  bases,  the 
edges  being  slightly  rounded.  The  height  and  diameter  are  nearly 
equal,  being  approximately  39.5  mm  each.  There  is  no  stamp  or 
distinguishing  mark  of  any  kind,  except  near  the  center  of  one  base 
there  is  a  faint  lathe  or  tool  mark  of  circular  form,  thus:  O .  The 
weight  is  contained  in  a  square  mahogany  box,  on  the  cover  of  which 
is  a  circular  silver  plate  bearing  the  inscription  "  Kilogramme  compart 
pour  son  Poids  a  I'Etalon  Prototype  des  Archives  de  France,  et  verifi^ 
par  M.  Arago.  Fortin  fecit."  No  particulars  of  Arago's  comparison 
with  the  kilogram  des  Archives  were  furnished,  and  consequently  it 
is  not  known  what  means  were  used  by  him  in  making  his  comparison 
nor  whether  he  reduced  his  weighings  to  vacuo.  It  was  not  until  1879 
that  the  Amgo  kilogram  was  compared  with  any  other  standards  of 
recognized  authority.  It  is  true  that  it  was  compared  between  1852 
and  1873  with  a  couple  of  kilograms  in  the  possession  of  the  Office  of 
Weights  and  Measures,  but  as  both  of  these  weights  were  of  brass  and 
of  unknown  density,  no  great  reliance  could  be  attached  to  the  results. 
In  1879,  however,  it  was  taken  to  England  and  there  compared  with 
the  British  platinum  kilogram  in  the  custody  of  the  Standards  Office. 

oH.  K  Doc.  No.  299,  22d  Cong.,  let  sees.,  pp.  75,  76. 

&The  toise  was  the  French  standard  of  length  prior  to  the  adoption  of  the  meter, 
and  all  the  geodetic  measurements  upon  which  the  meter  was  based  were  made  with 
the  toise.    Its  length  is  1.949-{-  meters. 

<^  Special  Publication  No.  4,  U.  S.  Coast  and  Geodetic  Survey. 
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This  comparison  indicated  that  the  Arago  kilogram  was  4.25  mg  light, 
but  this  result  could  not  be  considered  conclusive,  on  account  of  certain 
assumptions  made  in  the  reduction  to  vacuo  and  also  in  regard  to  the 
correction  to  the  British  kilogram. 

In  1884  the  weight  was  taken  from  the  Standards  Office  in  London, 
where  it  had  been  since  1879,  to  the  International  Bureau  of  Weights 
and  Measures  at  Paris  and  there  compared  with  two  auxiliary  kilo- 
grams whose  values  in  terms  of  the  kilogram  of  the  Archives  were 
known  with  the  greatest  accuracy.  The  results  obtained  from  the 
comparison  confirmed  that  previously  obtained  from  the  comparison 
with  the  British  kilogram,  the  result  giving 

^=1,000  g-4. 63  mg 

As  the  weights  supplied  to  the  States  were  to  be  made  of  brass,  it 
was  more  convenient  to  compare  them  with  a  brass  standard,  and  in 
order  to  do  this  two  secondary  brass  standards  were  carefully  com- 
pared between  the  years  1873-1876  with  the  Arago  kilogram  and 
afterwards  used  in  all  the  work  of  adjustment  and  verification.  One 
of  the  kilograms,  known  as  the  Silbermann  kilogram,  was  presented  to 
the  United  States  by  France  in  1852,  together  with  a  number  of  other 
weights  and  measures.  The  other  kilogram  used  was  one  made  in  the 
Office  of  Weights  and  Measures  and  was  identical  in  form  and  material 
with  the  kilograms  subsequently  furnished  to  the  States. 

The  unit  of  capacity  in  the  metric  system  being  defined  as  the  vol- 
ume of  the  mass  of  1  kilogram  of  pure  water  at  the  temperature  of 
maximum  density,  the  most  convenient  way  to  adjust  such  measures, 
and  in  fact  all  capacity  measures,  is  by  weighing  the  water  they  contain. 
The  only  two  material  standards  that  need  to  be  considered,  there- 
fore, in  connection  with  the  metric  weights  and  measures  furnished  to 
the  States  in  accordance  with  the  act  of  1866  are  the  committee  meter 
and  the  Arago  kilogram  described  above. 

By  the  end  of  1880  practically  all  the  States  had  been  supplied  with 
sets  of  metric  weights  and  measures  consisting  of  the  following 
denominations: 

T  ^^^v.  ^^o.^w^  /One  brass-line  meter. 

Lsngta.  measures <_  ,       _ 

lOne  steel-end  meter. 

Capacity  measures fOne  Uter  made  of  brass. 

lOne  decaliter  made  of  brass. 

One  myriagram  made  of  brass. 

One  kilogram  made  of  brass. 

One  i  kilogram  made  of  brass. 
Weijfbts ^Onegram  made  of  brass. 

One  set  of  small  silver  weights 
from  4  decigrams  to  1  milli- 
gram. 


378  BULLETIN   OP   THE    BUREAU   OP   STANDARDS.         [vol.1,no.8. 

It  is  necessary  at  this  point  to  go  back  a  few  years  and  give  an 
account  of  the  establishment  of  the  International  Bureau  of  Weights 
and  Measures,  since  the  present  fundamental  standards  of  length  and 
mass  for  practically  the  whole  civilized  world  result  from  the  estab- 
lishment of  that  institution. 

In  reponse  to  an  invitation  of  the  French  Government,  the  following 
countries  sent  representatives  to  a  conference  held  in  Paris  on  August  8, 
1870,  to  consider  the  advisability  of  constructing  new  metric  standards: 


Austria, 

Italy, 

Spain, 

Ecnador, 

Norway, 

Switzerland, 

France, 

Peru, 

Turkey, 

Great  Britain, 

Portugal, 

United  States, 

Greece, 

Russia, 

Colombia, 

in  all  15  countries.  This  conference  was  of  short  duration,  on  account 
of  the  war  then  raging  between  France  and  Germany. 

A  second  conference  was  held  two  years  later,  at  which  30  countries 
were  represented,  the  United  States  again  being  among  this  number. 
At  this  conference  it  was  decided  that  new  meters  and  new  kilograms 
should  be  constructed  to  conform  with  the  original  standards  of  the 
Archives,  and  a  permanent  committee  was  appointed  to  carry  out  this 
decision.  The  preparation  of  the  new  standards  had  advanced  so  far 
by  1875  that  the  permanent  conmiittee  appointed  by  the  conference  of 
1872  requested  the  French  Government  to  call  a  diplomatic  conference 
at  Paris  to  consider  whether  the  means  and  appliances  for  the  final 
verification  of  the  new  meters  and  kilograms  should  be  provided,  with 
a  view  to  permanence,  or  whether  the  work  should  be  regarded  as  a 
temporary  operation. 

In  compliance  with  this  request  a  conference  was  held  in  March, 
1875,  at  which  19  countries  were  represented,  the  United  States  as 
usual  being  of  this  number. 

On  May  20,  1875,  17  of  the  19  countries  represented  signed  a  con- 
vention which  provided  for  the  establishment  and  maintenance  of  a  per- 
manent International  Bureau  of  Weights  and  Measures  to  be  situated 
near  Paris  and  to  be  under  the  control  of  an  international  committee 
elected  by  the  conference,  the  committee  to  consist  of  14  members,  all 
belonging  to  different  countries. 

In  addition  to  the  primary  work  of  verifying  the  new  metric  stand- 
ards the  bureau  was  charged  with  certain  duties,  the  following  being 
the  most  important: 

(1)  The  custody  and  preservation,  when,  completed  of  the  interna- 
tional prototypes  and  auxiliary  instruments. 


i.  3.— THE  UNITED  STATES 


F18CHBB.]  u.  8.  STANDARD   WEIGHTS   AKD   MEASURES.  379 

(2)  The  future  periodic  comparison  of  the  several  national  standards 
with  the  international  prototypes. 

(3)  The  comparison  of  metric  standards  with  standards  of  other 
countries. 

The  expenses  of  the  bureau  were  to  be  defrayed  by  contributions 
of  the  contracting  Governments,  the  amount  for  each  country  depend- 
ing upon  the  population  and  upon  the  extent  that  the  metric  system 
was  in  use  in  the  particular  country. 

In  accordance  with  the  terms  of  the  convention  the  French  Govern- 
ment set  aside  a  plat  of  ground  in  the  park  of  St.  Cloud  just  outside 
of  Palis,  and  upon  this  ground,  which  was  declared  neutral  territory, 
the  International  Bureau  of  Weights  and  Measures  was  established. 

The  construction  of  the  meters  and  kilograms  had  been  intrusted  to 
a  special  committee,  and  early  in  1887  the  committee  completed  its 
work  and  the  new  meters  and  kilograms  were  turned  over  to  the  Inter- 
national Bureau  for  comparison  with  the  standards  of  the  Archives 
and  with  one  another. 

It  had  been  decided  as  early  as  1873  that  the  new  standards  should 
be  made  of  an  alloy  of  90  per  cent  platinum  and  10  per  cent  iridium, 
and  that  the  meters  should  be  line  standards  of  the  cross  section 
*  shown  in  the  illustration.  Altogether  31  meters  and  40  kilograms 
were  constructed.  By  1889  the  entire  work  was  completed  and  in  Sep- 
tember of  that  year  a  general  conference  was  held  at  Paris,  and  by  it 
the  work  of  the  international  committee  was  approved. 

The  meter  and  kilogram  which  agreed  most  closely  with  the  meter 
and  kilogram  of  the  Archives  were  declared  to  be  the  international 
meter  and  the  international  kilogram.  These  two  standards,  with  cer- 
tain other  meters  and  kilograms,  were  deposited  in  a  subterranean 
vault  under  one  of  the  buildings  of  the  International  Bureau,  where 
they  are  only  accessible  when  three  independent  ofBcials  with  different 
keys  are  present.  The  other  standards  were  distributed  by  lot  to  the 
various  Governments  contributing  to  the  support  of  the  International 
Bureau.  vThose  falling  to  the  United  States  were  meters  Nos.  21  and 
27  and  kilograms  Nos.  4  and  20. 

Meter  No.  27  and  kilogram  No.  20  were  brought  under  seal  to  this 
country  by  Mr.  George  Davidson,  of  the  Coast  and  Geodetic  Survey, 
and  on  January  2,  1890,  they  were  opened  at  the  White  House  and 
accepted  by  President  Harrison,  who  certified  that  they  were  received 
in  good  condition,  and  that  he  confidently  believed  that  they  were  the 
standards  referred  to  in  the  report.  The  other  two  standards  were 
received  the  following  July  and  were  deposited  in  the  OflSce  of 
Weights  and  Measures,  where  those  accepted  as  national  standards 
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by  the  President  had  already  been  taken.^  On  April  5,  1893,  the 
Superintendent  of  Weights  and  Measures,  with  the  approval  of  the 
Secretary  of  the  Treasury,  decided  that  the  international  meter  and 
kilogram  would  in  the  future  be  regarded  as  the  fundamental  stand- 
ards of  length  and  mass  in  the  United  States,  both  for  metric  and 
customary  weights  and  measures. 

This  action  did  not  in  any  way  affect  the  metric  weights  and  meas- 
ures of  the  United  States  inasmuch  as  the  meter  and  kilogram  of  the 
Archives  had  always  been  regarded  as  our  fundamental  metric  stand- 
ards, and  the  international  meter  and  kilogram  had  identical  values  so 
far  as  could  be  determined  by  the  most  refined  measurements. 

The  effect  of  this  decision  on  the  customary  weights  and  measures 
also  left  them  practically  undisturbed.  All  comparisons  made  imme- 
diately prior  to  1893  indicated  that  the  relation  of  the  yard  to  the 
meter  fixed  by  the  act  of  1866*  was  by  chance  the  exact  relation 
between  the  international  meter  and  the  British  imperial  yard  within 
the  error  of  observation.  A  subsequent  comparison  made  between 
the  standards  just  mentioned  indicates  that  the  legal  relation  adopted 
by  Congress  is  in  error  by  one  ten-thousandth  of  an  inch;  but  in  view 
of  the  fact  that  certain  comparisons  made  by  the  English  Standards 
Office  between  the  imperial  yard  and  its  authentic  copies  show  varia- 
tions as  great,  if  not  greater  than  this,  it  can  not  be  said  with  cer- 
tainty that  there  is  a  difference  between  the  imperial  yard  of  Great 
Britain  and  the  United  States  yard  derived  from  the  meter. 

The  case  of  the  pound  was  slightly  different,  inasmuch  as  the  rela- 
tion of  the  kilogram  to  the  pound,  fixed  by  the  act  of  1866,  was  only 
approximate.'  In  the  act  mentioned  the  kilogram  was  stated  to  be 
equal  to  2.2046  pounds  avoirdupois;  but  as  2.204622  was  known  to  be 
a  more  precise  value,  and  since  it  did  not  conflict  with  the  legal  value 
the  avoirdupois  pound  was  declared  to  be  equal  to  t.tdVttt  kilograms. 

Neither  the  troy  pound  of  the  mint  nor  the  copies  of  the  imperial 
yard  in  the  possession  of  the  Office  of  Weights  and  Measures  were 
satisfactory  standards.  The  mint  pound  is  made  in  two  pieces,  the 
knob  being  screwed  into  the  body;  hence  its  density  can  not  be  deter- 
mined by  weighing  in  water  on  account  of  danger  of  leakage.  More- 
over, it  is  made  of  brass  not  plated,  and  therefore  liable  to  alteration 
by  oxidation. 

o  Upon  the  eetablishment  of  the  Bureau  of  Standards  on  July  1,  1901,  all  stand- 
ards and  other  property  in  possession  of  the  Office  of  Weights  and  Measures  passed 
under  the  control  of  the  Bureau. 

f>  The  value  of  the  yard,  in  accordance  with  the  above  declaration,  is  1  yard=:|}f^ 
meter. 
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The  bronze  yard  No.  11,  which  was  an  exact  copy  of  the  British 
imperial  yard  both  in  form  and  material,  had  shown  changes  when 
compared  with  the  imperial  yaixi  in  1876  and  1888  which  could  not 
reasonably  be  said  to  be  entirely  due  to  changes  in  No.  11.  Suspicion 
as  to  the  constancy  of  the  length  of  the  British  standard  was  therefore 
aroused. 

On  Che  other  hand,  the  new  meters  and  kilograms  represented  the 
most  advanced  ideas  of  standards,  and  it  therefore  seemed  that  greater 
stability  in  our  weights  and  measures  as  well  as  higher  accuracy  would 
be  secured  by  accepting  the  international  meter  and  kilogram  as 
fundamental  standards. 

Time  has  amply  proved  the  wisdom  of  this  action,  and  therefore 
when  the  Bureau  of  Standards  was  established  in  July,  1901,  the 
decision  made  by  the  Office  of  Weights  and  Measures  in  1893  to  adopt 
the  meter  and  kilogram  as  fundamental  standards  was  fully  accepted 
by  this  Bureau. 

In  conclusion  I  wish  to  state  that  in  preparing  so  brief  an  account 
of  so  great  a  subject  many  matters  of  importance  and  interest  have 
necessarily  been  omitted,  but  if  1  have  succeeded  in  giving  you  an 
outline  of  the  growth  of  our  weights  and  measures,  I  shall  have  accom- 
plished all  that  I  had  in  mind  when  this  paper  was  prepared. 


WATTMETER  METHODS  OF  MEASURING  POWER  EXPENDED 
UPON  CONDENSERS  AND  CIRCUITS  OF  LOW  POWER 
FACTOR 


By  Edwabd  B.  Rosa. 


The  power  factor  of  an  alternating  current  flowing  into  and  out  of 
a  good  condenser,  or  a  cable  on  open  circuity  is  so  small  as  to  make  its 
measurement  by  a  wattmeter  somewhat  difficult.  Measurements  made 
by  the  resonance  method <*  and  by  the  calorimetric  method*  gave 
power  factors  for  some  paraffined  paper  condensers  of  less  than  half  of 
1  per  cent.  These  methods  are,  however,  not  adapted  to  general 
laboratory  work.  A  simple  wattmeter  method  of  measuring  power 
involves  two  corrections.  First,  for  the  power  expended  upon  the 
fixed  coil  of  the  wattmeter,  which  is  measured  along  with  that  of  the 
condenser,  and,  second,  for  the  change  of  phase  of  the  potential  cur- 
rent due  to  the  combined  inductance  and  capacity  of  the  potential 
circuit.  The  correction  (which  is  chiefly  due  to  the  inductance  of  the 
coil  of  the  instrument  which  carries  the  potential  current)  is  made 
small  by  using  a  large  resistance  in  the  potential  circuit.  Incandescent 
lamp  filaments  have  extremely  small  inductance  and  capacity,  and  mky 
be  employed  in  series  with  one  another,  as  the  high  resistance  of  the 
potential  circuit;  or  wire  coils  may  be  employed  if  wound  so  as  to 
avoid  both  inductance  and  capacity.  The  potential  current,  being  very 
small,  requires  a  relatively  delicate  suspension  in  order  to  give  a 
satisfactory  deflection.  I  have  found  difficulty  in  securing  sufficient 
stability  and  sensitiveness  at  once,  and  have  hence  been  led  to  the  use 
of  a  series  of  null  methods  for  measuring  the  power  factor  of  a  con- 
denser or  cable  current,  thereby  avoiding  the  measurement  of  a 
deflection,  and  dispensing  with  the  requirement  of  so  great  stability. 
These  methods  were  devised  and  employed  in  a  long  series  of  meas- 
urements in  1898,  but  the  work  was  interrupted  before  its  completion, 
and  circumstances  have  since  prevented  me  from  resuming  the  work. 

a  Rosa  and  Smith:  Phys.  Rev.,  Jan.,  1899. 

6  Rosa  and  Smith:  Phys.  Rev.,  Feb.,  1899. 
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The  most  obvious  null  method  consists  in  using  a  variable  inductance 
in  the  potential  circuit.  The  difference  of  phase  between  the  two  cur- 
rents being  nearly  90^,  if  the  potential  current  is  slightly  retarded  by 
an  added  inductance  the  phase  difference  can  be  made  90^  and  the 
deflection  reduced  to  zero.  Knowing  the  value  of  the  added  induc- 
tance, the  frequency  of  the  cun*ent,  and  the  resistance,  the  change  of 
phase,  and  hence  the  power  factor,  can  be  readily  computed. 

USING  AN  AUXELIART  COIL  ON  THE  WATTMETER. 

There  are,  however,  several  other  methods  of  getting  a  difference  of 
phase  of  90°  and  securing  a  zero  deflection,  any  one  of  which  can  be 
employed  for  this  purpose,  according  to  the  instruments  one  has  avail- 
able. These  all  depend  upon  the  use  of  an  auxiliary  coil  of  fine  wire 
wound  over  the  fixed  coil  of  coarse  wire,  having  about  the  same  num- 
ber of  turns  as  the  fixed  coil  and  made  exactly  equivalent  to  the  fixed 
coil  magnetically.  This  equivalence  is  shown  by  causing  the  same 
current  to  flow  through  the  main  coil  and  the  auxiliary  coil  in  oppo- 
site directions.  .The  resulting  magnetic  field  is  then  zero  at  the  posi- 
tion of  the  suspended  coil  if  the  latter  is  not  deflected  when  the  cur- 
rent flowing  through  the  main  and  auxiliary  coils  in  opposite  direction 
passes  through  the  suspended  coil  also.  Suppose,  then,  the  condenser 
current  ij  passes  through  the  fixed  coil,  the  potential  current  /,  passes 
through  the  suspended  coil,  and  a  small  current  /,  (in  phase  with  t,) 
passes  through  the  auxiliary  coil.  Then  if  K  is  the  constant  of  the 
instrument,  the  deflection  d^  of  the  suspended  coil  due  to  current  /j  in 
the  main  coil  and  ?',  in  the  suspended  coil  will  be 

dy^  =  Ki{i^  cos  ^1 

where  4>^  is  the  angular  difference  of  phase  between  i^  and  e,. 

The  current  4  through  the  auxiliary  coil  would  by  itself  (supposing 
there  is  no  current  in  the  main  coil)  produce  a  deflection  rf,  such  that 

d^=Ki^i^, 

If  the  current  ?3  flows  in  such  a  direction  as  to  make  the  deflection 
rfj  opposite  to  ^1,  then  when  the  currents  *,  and  /,  flow  simultaneously, 
the  deflection  is  the  difference  between  d^  and  d^\  and  when  this  is 
made  zero  by  adjusting  t,  we  have 

«>'s  =  hh  cos  ^1 

.'.    cos  01  =    . 
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Another  way  of  expressing  this  result  is  to  say  that  the  current  i^ 
(which  is  in  phase  with  i„  but  reversed  by  the  eonnectums,  and  therefore 
differs  in  phase  by  180^  from  i^)  is  added  to  e'l,  and  the  vector  sum  is 
thereby  made  to  differ  by  90^  in  phase  from  i,.  The  ratio  of  i,  to  t\ 
then  gives  the  angle  through  which  i^  has  been  turned,  to  make  it 
differ  by  90^  from  %.  Or,  again,  the  magnetic  field  of  i,,  added  to  the 
magnetic  field  of  *i,  gives  a  resultant  magnetic  field  which  differs  by 
90*^  in  phase  from  the  potential  current  ^^.  Hence,  knowing  i^,  we 
can  find  the  power  factor  cos  ^j.  The  corrections  for  the  resistance  of 
the  fixed  coil  and  the  inductance  of  the  suspended  coil  being  applied, 
we  have  cos  ^,  the  true  power  factor. 

The  auxiliary  or  compensation  current  i,  maybe  secured  by  several 
different  devices,  as  follows: 

(1)  From  the  terminals  of  a  noninductive  resistance  r,  in  the  main 
circuit  a  shunt  circuit  is  carried  to  the  auxiliary  coil,  having  a  second 
condenser  in  series  with  it.  Thus  the  current  i^  is  proportional  to  the 
main  current  e\,  to  the  resistance  r,,  to  the  capacity  of  the  secondary 
condenser  (7,,  and  to  the  frequency  of  the  current.     That  is 

H^pG^kn  and  ^  =  cos  <t>^-pCj^r^ 

Thus,  knowing  the  capacity  of  the  secondary  condenser  C^^  the  fre- 
quency of  the  current  {p=27rn)^  and  the  variable  resistance  r,,  we 
readily  compute  the  power  factor  cos  ^i,  which,  corrected  as  before, 
gives  cos  ^. 

(2)  A  portion  of  the  potential  current  %  is  shimted  off  through  the 
auxiliary  coil,  and  the  value  of  i,  becomes  known  if  i,  and  the  resist- 
ances of  the  divided  circuit  are  known. 

(3)  By  transforming  down  from  the  high  e.  m.  f.  jE"  impressed  upon 
the  condenser  and  shunt  circuit,  a  small  e.  m.  f.  ^  is  obtained,  differ- 

ing  in  phase  by  180^  almost  exactly.    A  current  4=^  is  thus  obtained, 

which  differs  in  phase  from  the  shunt  current  i,  by  180^,  and  this  is 
used  as  a  compensation  current.  The  resistance  H^  is  varied  until  the 
deflection  is  zero,  and  e^  is  measured  by  an  alternating  current  volt- 
meter; 4  thus  becomes  known,  and  from  it  cos  ^^  as  before. 

When  the  capacity  of  the  condenser  is  small,  and  therefore  the  main 
current  i^  is  small,  it  may  be  better  to  pass  i^  through  the  suspended 
coil  and  the  potential  current  through  the  fixed  coil.  This  gives  rise 
to  two  other  arrangements  of  the  circuits.  But  the  principle  is  the 
same  in  every  case,  the  compensation  current  ^  being  determined 
when  the  deflection  of  the  wattmeter  is  zero,  and  the  phase  angle  then 
found  by  a  very  simple  calculation. 

2214— No.  3—05 7 
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The  measurements  which  I  made  by  these  various  methods  on 
the  same  condensers  showed  closely  agreeing  results,  although  the 
apparatus  employed  did  not  permit  of  measurements  of  the  highest 
precision.  I  proceed  to  give  a  description  of  these  methods,  and  a 
few  examples  of  their  use  in  measuring  the  power  absorbed  in  some 
paraffined-paper  condensers. 

METHOD  1.— SDfPLB  DEFLECTION  METHOD. 

The  connections  of  the  wattmeter  to  the  source  of  alternating  cur- 
rent and  the  condenser  are  shown  in  fig.  1,  and  the  phase  diagram  is 
shown  in  fig.  2.  jPis  the  fixed  coil  and  M  the  movable  coil  of  the 
wattmeter,  e,  the  main  condenser  current,  and  ^,  the  potential  current 
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Pio.  1.— Gonnectioiu  for  Method  1. 


Fig.  2.— Ptuwe  diafrram  for  Method  1. 


passing  through  the  large  noninductive  resistance  H.  An  alternating 
potential  of  several  hundred  volts  (up  to  1,500  in  my  experiments) 
was  applied  to  A  B.  2>|  is  the  electrodynamometer  or  alternating 
current  ammeter  for  measuring  the  current  ii+i^^  and  D^  measures  ^ 
alone.  Inasmuch  as  these  two  currents  differ  in  phase  by  nearly  90^, 
and  i^  is  relatively  small,  the  reading  of  D^  is  practically  unaffected  by 
the  current  i^.  The  noninductive  resistance  is  several  thousand  ohms, 
and  if  it  is  known  accurately,  and  also  the  voltage  E^  the  instrument 
D^  may  be  omitted  and  ^  calculated  from  J?  and  H.  The  two  coils  JP 
and  31  are  joined  together  at  the  instrument  in  order  that  they  may 
have  the  same  potential  and  so  avoid  electrostatic  attraction  between 
them,  a  serious  source  of  error  when  relatively  high  potentials  are 
used,  if  the  coils  are  not  joined  together. 
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O  A  (fig.  2)  represents  the  phase  of  the  electromotive  force  E.  The 
potential  current  lags  behind  it  by  an  angle  a^  due  to  the  inductance 
of  the  moving  coil  and  of  the  resistance  R.  The  high  resistance  itself 
often  possesses  a  greater  capacity  than  inductance,  and  hence  the  com- 
bined inductance  of  the  circuit  (Z,)  may  be  less  than  that  of  the  moving 
coil  of  the  wattmeter  alone.  It  may  even  be  negative,  and  therefore 
the  potential  current  may  be  ahead  in  phase  of  E.  In  my  experiments 
the  inductance  and  capacity  of  the  resistance  R  were  both  very  small, 
and  L^  was  taken  as  that  due  to  the  known  inductance  of  the  mov- 
ing coil  of  the  wattmeter.  The  line  O  G  represents  the  condenser 
current  i^y  differing  in  phase  from  i,  by  the  angle  ^^  O  F  would 
have  been  the  phase  of  this  current  if  the  fixed  coil  of  the  wattmeter 
had  no  resistance.    The  angle  ft  is  the  difference  of  phase  O  O  F^  due 

to  this  resistance,  and  tan  ft=r-¥~~Q^pCr^  where  ^=2?rn,  n  being 

the  frequency  of  the  alternating  current,  C  the  capacity  of  the  con- 
denser, and  r  the  resistance  of  the  wattmeter  coil  F  and  the  connec- 
tions; that  is,  the  resistance  between  Pand  Q  when  the  condenser  is 
short  circuited.  We  then  have  the  following  expressions,  d  being  the 
deflection  of  the  wattmeter,  ^the  constant  of  the  latter,  4>^  the  meas- 
ured difference  of  phase  BOG  and  ^  the  corrected  difference  AOFy 
due  to  the  condenser. 

d^Ei{i^  cos  ^1,  or  cos  ^\—  jr*  * 
tan  «=  '^ ',  tan  fi=pOr. 

As  stated  above,  ^^  is  the  measured  phase  difference,  and  a  and  ft  are 
respectively  the  small  angular  corrections  due  to  the  inductance  of  the 
potential  circuit  and  the  resistance  of  the  fixed  coils  of  the  wattmeter 

Table  I. — Results  by  Method  1. 

[n— 120  cycles;  £=1,400  volts.] 


Condenser 
employed. 

• 

• 

K 

d 

cos  01 

Power 

factor, 

uncorrected. 

Condenser  No.  4. . 
Condenser  No.  5.. 
Condenser  No.  6. . 

Amperes, 
1.663 
3.494 
3.494 

Amperes, 
0. 1470 
0.1666 
0. 1707 

23300 
23100 
23100 

26.0 
76.0 
76.0 

0.00469 
0.00666 
0.00646 

Per  cent. 
0.469 
0.666 
0.646 
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and  its  connections.  Cos  ^  is  then  the  power  factor  of  the  condenser. 
Table  I  gives  some  measurements  made  on  three  condensers,  the  sec- 
ond and  third  having  a  capacity  about  double  the  first. 

The  corrections  a  and  /?  are  here  very  slight^  so  that  ^  is  sensibly 
equal  to  ^j.  The  condensers  are  Stanley  paraffined  paper  condensers, 
and  No.  4  has  a  sensibly  smaller  energy  loss  than  the  others. 

METHOD  2*— mDUCTANCE  IN  SHUNT  CIRCXnT. 

Method  2  is  similar  to  the  first,  except  that  a  variable  inductance 
Zs,  fig.  3,  is  inserted  in  the  shunt  circuit  and  the  current  i,  is  made  to 
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Fio.  3.— Connectioiu  for  Method  2. 


Fig.  4.— Phase  diacrram  for  Method  2. 


lag  by  a  larger  angle  than  before,  so  that  ^^  is  now  90^,  and  the  deflec- 
tion is  zero.     If  Z,  is  the  same  as  before  and  Z,  is  the  added  inductance, 


tan  a 


_i>(Z,+A) 

R 


tan/?=^0 

This  is  a  very  convenient  method  if  a  variable  known  inductance  of 
suitable  magnitude  is  at  hand,  and.  it  gives  excellent  results.  The 
frequency  of  the  current  must  be  known  more  accurately  than  before, 
for  a  is  now  a  much  more  important  quantity  than  in  method  1,  since 
the  value  of  cos  ^^  depends  mainly  on  a.  But  rf,  K^  ii,  and  i„  the 
quantities  measured  in  method  1,  need  not  be  measured  at  all  in  this 
method. 
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Table  II. — Results  bt  Method  2. 

[n-120,  J?=-l,260  volts.] 


Condenser  employed. 

p=z27en 

L,+Ls 

R 

cos  <Pi 

Power 

^tor, 

uncorrected. 

Condenser  No.  4 

754 
754 

• 

Henry. 
0.0530 
0.0627 

Ohms, 
8,548 
8,548 

0.00468 
0.00553 

Percent, 
0.468 

Condenser  No.  5 

0.553 

These  results  do  not  agree  exactly  with  those  by  the  first  method. 
The  difference  is  partly  due  to  errors  of  the  experiment,  and  partly  to 
a  change  in  the  temperature  of  the  condensers  and  of  the  wave  form  of 
the  electromotive  force  employed.  For  want  of  a  suitable  variable 
inductance,  very  little  was  done  with  this  method. 

MBXflOD  3.  AUXELIART  CONDENSER  SHUNT  ON  THE  MAIN  CmCUIT. 

In  this  and  the  following  methods  the  auxiliary  compensation  coil  A 
is  employed.     As  already  explained,  thb  coil  is  of  fine  wire  and  is 


>A 


FiQ.  6.— Connections  for  Method  3. 


Fio.  e.^Phase  diagram  for  Method  8. 


wound  on  the  outside  of  the  main  coil  of  the  wattmeter,  but  thor- 
oughly insulated  from  the  latter.  It  is  magnetically  equivalent  to 
the  main  coil,  so  that  a  current  flowing  in  series  through  the  two  in 
opposite  directions  produces  no  magnetic  field  at  the  position  of  the 
moving  coil. 

A  small  variable  resistance  /*8,  fig.  5,  is  inserted  in  series  with  the  main 
current  ^\,  and  an  auxiliary  condenser  C^  is  placed  in  series  with  the  com- 
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pensation  coil  on  the  terminals  of  this  resistance.  The  compensation 
current  i,  is  equal  to  pC^r^  i^^  and  is  nearly  90°  in  advance  in  phase 
of  i\;  that  brings  it  practically  opposite  in  phase  to  »,,  as  appears  in  fig. 
6.  We  may  compound  i^  and  /,  just  as  though  they  were  in  parallel 
in  the  saqie  wire.  The  resultant  \s  OC^  and  when  %  has  such  a  value 
that  there  is  no  deflection  of  the  movable  coil,  CO  is  exactly  90° 
ahead  of  0£.    Then,  since  B0Q=4>^, 

cos  ^j=^=^C;r3 

Thus,  it  is  unnecessary  to  measure  E^  i^^  i„  or  R^  but  only  (7,  and  r^ 
in  addition  to  the  frequency  of  the  current.  To  apply  the  corrections 
a  and  fi  to  obtain  the  value  of  ^,  it  is  of  course  necessary  to  determine 
(7,  r,  and  R  approximately,  as  in  method  1.  The  results  obtained  with 
five  paraffined  paper  condensers  are  given  in  Table  III.  Nos.  2,  3,  and 
4  have  a  capacity  of  about  1.7  microfarads  and  5  and  6  have  a  capacity 
of  about  3.2  microfarads.  These  condensers  were  intended  for  500 
volt  circuits.  In  these  experiments,  however,  they  were  subjected  to 
voltages  between  910  and  1,386,  most  of  the  readings  being  taken  at 
1,260.     This  is  a  very  convenient  method. 

Table  III. — Results  bt  Method  3. 


Condenser 
employed. 

E 

• 

h 
Amperes. 

p—2itn 

Ct 

'•s 

co60,=pCir, 

VoUb. 

Farads. 

Ohms. 

Condenser  No.  2 

1,260 

1.673 

745 

1.70Xl0-« 

3.46 

0.00438 

Condenser  No.  2 

1,260 

1.686 

746 

1.70xl0-« 

3.48 

.00440 

Condenser  No.  3 

1,260 

1.633 

745 

1.70XlO-« 

3.48 

.00440 

Condenser  No.  3 

1,260 

1.643 

746 

1.70xlO-« 

3.48 

.00440 

Condenser  No.  4 

1,386 

1.756 

745 

1.70XlO-« 

3.50 

.00443 

Condenser  No.  4 

1,260 

1.673 

745 

1.70XlO-« 

3.52 

.00445 

Condenser  No.  2-f-3. 

1,260 

3.305 

746 

1.70XlO-« 

3.62 

.00458 

Condenser  No.  3+4. 

1,260 

3.286 

745 

1.70XlO-« 

3.66 

.00463 

Condenser  No.  5 

910 

2.329 

745 

1. 70X10-* 

4.35 

.00551 

Condenser  No.  5 

910 

2.319 

745 

1.70XlO-« 

4.36 

.00552 

Condenser  No.  5 

1,260 

3. 176 

745 

1.70XlO-« 

4.26 

.00540 

Condenser  No.  6 

910 

2.277 

745 

1.70X10-^ 

4.20 

.00631 

Condenser  No.  6 

1,260 

3.146 

745 

1.70XlO-« 

4.12 

.00521 

Condenser  No.  5-h6. 

910 

4.810 

745 

1.70XlO-« 

4.50 

.00570 
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EFFECT  OF  THE  SELF  AND  MUTUAL    INDUCTANCE  OF  THE  FIXED  AND 

AUXILIARY  COILS. 

The  self -inductance  of  the  fixed  coils  of  the  wattmeter  employed  in 
these  measurements  is  0.075  millihenry,  of  the  auxiliary  coil  0.111 
millihenry,  and  the  mutual  inductance  of  the  two  is  0.072  millihenry. 
At  a  frequency  of  120,  p  =  754,  and  the  reactance  of  the  auxiliary  coil 
is  0.083  ohm.  This  is  wholly  negligible  in  its  effect  upon  the  magni- 
tude or  phase  of  the  compensation  current  %.  The  self -inductance  of 
the  fixed  coil  has  no  appreciable  effect  upon  the  magnitude  or  phase  of 
the  main  current  i^.  The  mutual  inductance  between  the  coils,  how- 
ever, may  have  an  appreciable  effect  upon  the  magnitude  of  the  com- 
pensation current  %  in  the  auxiliary  coil,  provided  the  electromotive 
force  e^  on  the  compensation  circuit  is  small.  Thus,  the  back  e.  m.  f . 
in  this  circuit,  due  to  the  current  i^  in  the  fixed  coil,  ispMii^  and  this 
is  equal  to  0.16  volt  when  t\  =  3  amperes  and  p  =  754.  In  methods  4 
and  5,  <?,  was  usually  45  to  70  volts,  and  hence  the  correction  y  due  to 
mutual  inductance  is  only  one  or  two  units  in  the  last  decimal  place  of 
the  values  given  for  cos  ^^  in  Tables  IV  and  V.  In  method  3,  how- 
ever, e^  was  smaller  and  the  correction  is  5  to  6  in  the  last  decimal 
place  of  the  values  of  cos  ^i  in  Table  III.    . 

The  expression  for  cos  ^^  in  which  the  mutual  inductance  of  the 
fixed  and  auxiliary  coils  is  taken  into  account,  is 

For  Method  3,  cos  ^i  =  ^^pCir^—pM) 
For  Method 4,  cos  ^,  =  f=  ^'g  .^   ^ 


•i  (?  -^^) 


For  Method  5,  cos  ^i  =  ^  =    — p^ 

There  is  also  a  slight  correction  tf  to  be  made  in  method  3,  for  the 
potential  current  *„  which  also  passes  through  r,;  that  is,  the  result- 
ant of  ^l  and  i,  passes  through  r,.  This  makes  a  slightly  larger  cur- 
rent and  shifts  the  phase  a  little.  The  shifting  of  the  phase,  however, 
does  no  appreciable  harm.  The  correction  y  can  be  made  insignificant 
by  increasing  r,  and  using  an  auxiliary  condenser  of  correspondingly 
smaller  capacity,  while  the  correction  S  is  reduced  to  an  insignificant 
quantity  by  having  the  potential  current  «,  sufficiently  small  in  com- 
parison with  ^l.  In  fact,  it  is  easy  under  most  circumstances  to  elimi- 
nate the  three  corrections  y^,  y^  ^  by  properly  proportioning  the  coils, 
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leaving  only  a  small  correction  ^  to  be  applied,  due  to  the  resistance 
of  the  fixed  coils  and  connections. 

METHOD  4.— SHUNT  ON  POTENTIAL  CIRCXnT. 

In  this  case,  fig.  7,  the  compensation  current  /,  is  shunted  off  from 
i„  the  resistance  r,  being  in  the  potential  circuit  through  the  moving 
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Fio.  7.— Connections  for  Method  4. 

coil  instead  of  the  main  circuit  as  in  method  3.     The  compensation 
current  is  thus  in  phase  with  /„  but  by  reversing  the  terminals  of  the 
compensation  coil  it  has  the  same  effect  as  though  it  were  opposite  in 
phase.    Thus,  fig.  6  represents  this  method  also. 
Therefore,  since 


Table  IV. — Results  by  Method  4. 

[E=l,260  volto.] 


Power 

Condenser  employed. 

• 

• 

h 
Ampere. 

^8 

i^s 

cos  <Pi 

factor 
uncor- 
rected. 

Amperes. 

Ohms. 

Per  cent. 

Condenser  No.  5 

3. 016 

0.1396 

607 

3800 

0.00544 

0.544 

Condenser  No.  5 

3.037 

0.1729 

507 

4830 

0.00540 

0.540 

Condenser  No.  6 

2.962 

0.1735 

507 

5100 

0.00529 

0.529 
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MBXflOD  5.  USING  A  TRANSFORMER  FOR  THE  COMPENSATION  CURRENT. 

In  this  case  the  high  potential  winding  of  a  transformer  is  joined 
across  the  terminals  A  B  of  the  circuit,  fig.  8,  and  th3  low  potential 


FiQ.  8.— Connections  for  Method  5. 


coil  supplies  the  current  4  to  the  compensation  coil  through  a  resist- 
ance R^.  This  current  is  opposite  in  phase  to  ^„  as  in  methods  3 
and  4. 


s 


COS  ^,=  .  =^- 


The  small  electromotive  force  e^  may  be  determined  by  the  ratio  of 
transformation,  or  by  direct  measurement.  It  is  very  convenient  to 
put  a  voltmeter  on  the  secondary  of  the  transformer  and  measure  e^ 
directly,  and  then  get  E  by  multiplying  by  the  ratio  of  transforma- 
tion. Some  of  the  results  obtained  by  this  method  are  given  in 
Table  V. 

The  transformer  used  here  is  the  potential  transformer  which  was 
enaployed  to  get  the  voltage  on  the  main  condenser  circuit.  In  these 
experiments  it  had  a  ratio  of  about  14,  and  hence,  for  90  volts  on  the 
secondary  there  was  1,260  on  the  primary.  The  secondary  consisted 
of  two  equal  coils,  and  the  compensation  coil  was  joined  to  the 
terminals  of  one  of  them.  The  slight  current  used  (about  a  hundredth 
of  an  ampere)  did  not  alter  the  ratio  of  transformation  of  the 
transformer. 
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METHOD  6.  SHUNT  ON  MAIN  dRCUIT. 


This  method  corresponds  to  method  4,  but  the  condenser  is  placed 
in  the  moving  coil  circuit,  fig.  9,  and  a  portion  of  i^  is  shunted  oflf  into 
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FiQ.  9.— Connectiona  for  Method  6.  Pig.  10.— Phase  diagram  for  Method  6. 

the  compensation  coil.  Thus,  ^,  is  opposite  in  phase  to  i^  and  is  com- 
bined with  *j  so  that  the  resultant  of  r,  and  4,  O  C,  is  90°  different  in 
phase  from  i\,  fig.  10. 


Thus: 


i^=t 


'^,+r, 


Thin  method  is  especially  adapted  to  small  condensers,  where  the  cur- 
rent /i,  is  very  small  and  ^  can  be  increased  above  its  usual  value. 

Table  V. — Results  by  Method  V. 
[£»1,260  vol ts=> voltage  on  the  condensers.    «=>4^  ToltB=3 voltage  on  the  compensation  oircuit.] 


CTondensers  employed. 

6000 
6250 
6000 
2950 
2965 
2560 
2730 
1310 

e 

h 

cos  01 =T 
'I 

February  11. 
Condenser  No.  2 

Ampere. 
0.00750 
0.00720 
0.00750 
0. 01526 
0. 01517 
0. 01758 
0. 01648 
0.03435 

1 : 

Amperes. 
1.633 
1.614 
1.633 
3.206 
3.181 
3.146 
3.089 
6.330 

0.00459 

Condenser  No.  3 " 

0.00446 

Condenser  No.  4 

0.00459 

Condenser  No.  2+3 

0.00476 

Condenser  No.  3-f-4 

Condenser  No.  5 

Condenser  No.  6 

Condenser  No.  5-|-6 

• 

0.00477 
0.00559 
0.00533 
0.00542 
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Table  V. — Results  by  Method  V — Continued. 


Condensers  employed. 


February  12. 

Condenser  No.  2 

Condenser  No.  3 

Condenser  No.  4 

Condenser  No.  2+3 

Condenser  No.  3-1-4 

Condenser  No.  5 

Condenser  No.  6 

Condenser  No.  5 


ij. 


6290 
6530 
6290 
3080 
3050 
2650 
2790 
2680 


Amperes. 
0. 00715 
0.00689 
0. 00715 
0. 01461 
0. 01475 
0. 01698 
0. 01613 
0. 01679 


Amperes. 
1.604 
1.573 
1.594 
3.146 
3.105 
3.022 
2.978 
3.042 


cos  <Pi 


0.00445 
0.00438 
0.00448 
0.00464 
0.00475 
0.00561 
0.00541 
0.00552 


METHOD  7.  AUXILIARY  CONDENSER  ON  TRANSFORMER. 

This  corresponds  to  method  5,  where  the  transformer  is  used  as 
a  source  of  «„  but  as  in  method  6,  the  condenser  under  test  is  placed 
in  the  moving  coil  circuit.  In  order  to  bring  the  compensation  current 
90^  out  of  phase  with  i„  with  which  it  is  combined^  an  auxiliary  con- 
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Fio.  11.— Counections  for  method  7. 

denser  C,  is  placed  in  thei,  circuit  instead  of  a  resistance,  fig.  11. 
phases  are  shown  in  fig.  10.     Thus: 


The 


h= 


E 
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cos 


^1        .         i>^3^S^-       ^^ 


396 


BULLETIN    OF   THE    BUREAU    OF   STANDARDS. 


[vol.  1,  NO.  3. 


where  n  is  the  ratio  of  transformation  of  the  potential  transformer. 

Or,  the  formula  may  be  written  cos^i=^— ^,  and  e.  determined 
directly  by  a  voltmeter  and  /,  by  an  anmieter  or  electrodynamometer. 

Table  VI. — Summary  op  Quantities  to  be  Measured  in  the  Various 

Methods. 


Methodl '     d 

Method2 ' \ ' '  p 

Methods i ,....!.... |  p 

Method4 

Method  5 j 

>Iethod6 ! 

Method? 1 


/. 


R 


h  '  P 


C, 


The  quantities  in  Table  VI  are  as  follows: 

d  is  the  deflection  of  the  electrodynamometer  in  scale  divisions. 

^is  the  constant  of  the  electrodynamometer. 

^\  is  the  main  current,  through  the  condenser  under  test. 

*,  is  the  potential  current,  through  the  large  resistance  H. 

p  is  2^  times  the  frequency. 

L  is  the  variable  inductance  added  to  the  potential  circuit. 

R  is  the  large  potential  resistance,  as  free  as  possible  from  induct- 
ance and  capacity. 

/•j  is  the  small  resistance  shunted  by  the  auxiliary  circuit. 

(7,  is  the  auxiliary  condenser,  of  constant  value. 

^5  is  the  resistance  in  series  with  the  auxiliary  coil. 

<?5  is  the  relatively  small  electromotive  force  supplying  the  auxiliary 
current. 

Thus  it  appears  that  each  method  requires  the  determination  of  three 
or  four  quantities,  and  a  choice  of  method  will  be  determined  in  part 
by  what  instrumental  facilities  are  available  for  the  work.  All  the 
methods  are  capable  of  giving  good  results,  but  the  null  methods  are 
more  satisfactory  than  method  1,  unless  one  has  a  wattmeter  which 
is  both  sensitive  and  stable,  and  which  has  a  nearly  uniform  field, 
so  that  the  constant  K  does  not  vary  too  rapidly.  Ail  the  methods 
require  the  two  correction  terms  a  and  /?  to  be  applied  to  derive  the 
true  power  factor  cos  ^  from  the  measured  power  factor  cos  ^j. 
These  two  corrections  are  of  opposite  sign,  as  already  explained,  and 
should  be  small.  In  the  experiments  here  described  the  resistance  of 
the  fixed  coils  of  the  wattmeter  and  the  leads  through  which  the  main 
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current  flowed — that  is,  from  Pto  Q  with  the  condenser  short  circuited 
(figs.  1,  3,  6,  etc.) — was  0.08  ohm.  When  the  current  is  1.6  amperes, 
i^^r  is  0.20  watt,  and  this  requires  a  correction  of  about  0.0001  in 
the  power  factor.  The  correction  for  inductance  in  the  moving  coil 
is  of  the  same  order  of  magnitude  and  hence  the  results  of  the  meas- 
urements cited  above  as  examples  are  not  very  different  from  the  true 
power  factor  cos^.  At  the  time  these  measurements  were  made  I 
did  not  have  facilities  for  measuring  the  various  quantities  involved 
in  these  several  methods  with  sufficient  accuracy  to  make  a  crucial 
test  of  the  methods.  The  results,  however,  show  that  the  various 
methods  agree  substantially,  and  there  is  no  reason  to  doubt  the  entire 
reliability  of  any  of  them.  The  values  given  above  for  the  power 
factor  are  somewhat  larger  than  those  found  for  the  same  condensers 
by  the  caloiimetric  method,^  but  in  those  experiments  the  high  electro- 
motive force  impressed  upon  the  condensers  was  obtained  by  resonance 
from  a  lower  electro-motive  force  and  the  harmonics  were  therefore 
largely  suppressed.  In  all  the  work  described  in  this  article  the  high 
electro-motive  force  was  obtained  by  transforming  up,  and  hence  the 
harmonics  were  retained  and  magnified  by  the  condensers.  Since  the 
power  factor  is  higher  for  higher  frequencies,  it  is  higher  for  the  har- 
monics and  therefore  for  the  distorted  wave.  This  is  one  of  the  sub- 
jects to  be  investigated  when  this  work  is  resumed. 

By  taking  careful  note  of  the  temperature  of  the  condensers,  and 
deteimining  accurately  the  frequency  of  the  current  and  the  exact 
values  of  the  oc  and  P  corrections,  we  would  obtain  not  only  a  crucial 
test  of  the  various  methods,  but  also  data  as  to  how  the  energy  losses 
vary  with  the  frequency,  temperature,  and  wave  form.  I  hope  soon 
to  repeat  these  measurements  with  improved  apparatus,  and  hope  to 
obtain  results  of  sufficient  precision  to  give  valuable  information  of 
this  character. 

aRoea  and  Smith:  Phys.  Rev.,  Jan.,  1S99. 


THE  RELATIVE  INTENSITIES  OF  METAL  AND  GAS  SPECTRA 
FROM  ELECTRICALLY  CONDUCTING  GASES." 


By  P.  G.  Nutting. 


From  an  arc  may  be  obtained  a  nearly  pure  spectrum  of  the  elec- 
trodes, the  spectrum  of  the  surrounding  atmosphere  under  certain 
conditions  scarcely  appearing  at  all.  On  the  other  hand,  the  light  from 
a  discharge  tube  may  give  a  pure  spectrum  of  the  atmosphere  about 
the  electrodes,  but  no  spectrum  of  the  electrodes  themselves.  Vari- 
ous kinds  of  arcs,  sparks,  and  discharge  tubes  under  various  conditions 
may  exhibit  mixed  spectra  in  all  intermediate  proportions. 

Arc,  spark,  and  low-pressure  discharge  are  but  particular  cases  of  a 
general  case  in  which  a  gas  forms  part  of  an  electric  circuit  otherwise 
metallic.  It  is  the  purpose  of  this  paper  to  discuss  the  many  condi- 
tions that  may  govern  the  preponderance  of  the  spectrum  of  the  elec- 
trodes over  the  spectrum  of  the  intervening  gas,  select  the  predomi- 
nant influences  and  then  if  possible  to  map  out  the  conditions  necessary 
for  the  production  of  a  given  pure  spectrum  with  lines  of  a  given 
character.  To  obtain  coordinate  data  over  the  wide  range  necessary 
to  warrant  general  conclusions,  the  spectra  of  twenty-one  different 
metals  were  photographed  each  under  a  uniform  schedule  of  eighty- 
one  different  conditions. 

The  relative  intensity  of  the  spectrum  of  the  electrodes  depends 
primarily,  of  course,  on  the  relative  proportion  of  its  vapor  present 
in  the  part  of  the  arc,  spark,  or  discharge  tube  observed.     We  are 

a  This  paper  is  the  third  of  a  series  of  four  on  the  general  subject  of  the  prepon- 
derance of  one  spectrum  over  another  in  a  mixture  of  two  spectra.  The  first  of  this 
series  dealt  with  the  conditions  governing  the  relative  intensities  of  the  spectra  of 
two  mixed  elementary  gases  under  low-pressure  discharge.  (The  Spectra  of  Mixed 
Gases,  Bulletin  No.  1,  pp.  77-81,  November,  1904.)  The  second  dealt  with  the  rela- 
tive intensities  of  the  two  different  spectra  exhibited  by  the  electro-negative  ele- 
mentary gases.  (On  Secondary  Spectra,  Bulletin  No.  1,  pp.  83-93,  November,  1904.) 
The  fourth  paper  of  the  series  is  to  be  on  the  spectra  of  alloys. 

399 


400  BULLETIN   OF   THE    BUBEAU    OF   STANDARDS.        [vol.1,  no. 8. 

concerned  first  with  the  conditions  governing  the  amount  of  electrode 
metal  vaporized  and  then  with  the  laws  governing  spectral  prepon- 
derance in  mixed  gases,  namely;  (1)  increasing  the  relative  amount  of 
a  gas  present  in  a  mixture  of  conducting  gases  increases  the  relative 
intensity  of  its  spectrum;  (2)  other  things  being  equal,  in  a  steady 
discharge  the  spectrum  of  that  component  of  a  mixture  having  greater 
atomic  weight  will  be  brighter;*  (3)  in  a  disruptive  or  forced  oscilla- 
tory discharge  the  atomic  weight  effect  is  less. 

When  the  internal  oscillations  are  free  (instead  of  being  forced)  as 
in  the  arrangement  used  by  Ramsey,  Lilienfeld,  and  others  to  obtain 
the  spectrum  of  argon  in  that  of  ordinary  air,  perhaps  a  fourth  law 
would  be  necessary.  Konen  (Beibl.,  1904,  p.  1000)  has  cited  the  case 
of  mixtures  containing  oxygen  as  apparent  exceptions  to  the  atomic- 
weight  law  (2)  above.  But  oxygen,  it  must  be  remembered,  has  only 
a  very  faint  (visible)  anode  glow.  Hence  to  make  a  fair  test  of  the 
law  we  must  either  take  the  original  faintness  of  the  anode  glow 
into  account,  or  else  use  the  cathode-glow  spectrum  for  comparisons. 
I  have  always  done  the  latter.  In  explanation  of  the  exceptional 
absence  of  luminosity  in  the  oxygen  anode  column,  I  would  suggest 
that  there  may  be  the  usual  amount  of  radiation  in  this  case,  but  that 
it  is  chiefly  in  the  infra-red  region.  The  anode  column  is  known  to  be 
a  region  of  frequent  ionization  and  recombination,^  hence  we  should 
expect  it  would  be  a  region  of  great  chemical  changes  as  well.  In 
oxygen,  ozone  would  be  rapidly  formed  and  decomposed;  hence  the 
radiation  from  the  anode  column  would  consist  largely  of  the  strong 
infra-red  ozone  bands  recently  studied  by  Angstrom.  ^ 

The  metallic  or  nonmetallic  character  of  the  atmosphere  surround- 
ing a  spark  appears  to  make  no  difference  whatever  with  the  behavior 
of  the  spectrum  of  the  electrodes.  A  spark  between  aluminum  elec- 
trodes in  an  atmosphere  of  mercury  vapor  shows  identically  the  same 
changes  on  the  introduction  of  capacity,  inductance,  spark  in  series, 
etc. ,  that  it  exhibits  in  hydrogen.  On  the  other  hand,  the  spectrum 
of  an  iron  spark  preserves  its  invariant  character  as  well  in  mercury 
vapor  as  in  air,  oxygen,  or  hydrogen. 

The  vaporization  of  the  electrodes  with  which  we  are  concerned  in 
the  arc,  spark  and  vacuum  tube  is  by  no  means  a  mere  temperature 
effect.  The  amount  of  vaporization  of  an  electrode  appears  to  bear 
no  simple  relation  either  to  vapoi*  pressure  or  temperature.     It  does, 

oThe  Spectra  of  Mixed  Gases,  Astrophys.  J.  19,  p.  107;  Mar.,  1904. 
f>  Thomson:  Conduction  of  Electricity  Through  Gases,  p.  4S6,  K  269. 
cAikiY,  f(5r  "Matematik,**  Ast.  och  Fysik  1,  pp.  347-353;  1904.    Beiblatter,  28, 
p.  1142;  Nov.,  1904. 


NUTTiNo.]  METAL-GAS   SPBOTKA.  401 

however,  vary  enormously  with  the  electrical  conditions  in  the  con- 
ducting gas,  and  for  this  reason  a  brief  discussion  of  the  phenomena 
of  gas  conduction  is  here  given. 

SLSCTSICAL  CONDUCTION  IN  THB  ARC,   SPARK,  AND  DISCHARGE  TUBE. 

Our  first  problem  is  to  find  a  relation — a  sort  of  generalized  Ohm's 
law — between  the  current  passing  through  a  gas,  the  drop  in  potential 
and  certain  constants  relating  to  the  gas  and  the  metal  used  as  elec- 
trodes. This  relation  involves  the  solution  of  a  differential  equation 
containing  an  unknown  function.  This  function  I  have  constructed, 
but  it  gives  a  nonintegrable  form  to  the  differential  equation.  How- 
ever, the  particular  case  of  steady  current  admits  of  a  graphical  solu- 
tion (due  to  W.  Kauf  mann*)  and  covers  a  wide  variety  of  tJie  phenomena 
with  which  we  are  concerned. 

Consider  a  circuit  containing  an  e.  m.  f.  J^^,  an  ohroic  resistance  i?, 
inductance  Z,  capacity  (7,  and  a  column  of  gas  through  which  the  drop 
of  potential  is  expressible  by  the  (experimentally  determined)  func- 
tion e{i)  of  the  current.  Equating  energy  supplied  to  energy  taken 
up  by  the  circuit. 

The  final  term,  ie{i)^  represents  the  energy  used  up  in  the  discharge 
in  whatever  manner  the  drop  of  potential  e  varies  with  the  current. 

As  an  illustration,  consider  the  energy  used  by  a  column  of  nitrogen 
10  cm  long  and  at  1  mm  pressure,  with  platinum  electrodes  carrying 
1  milliampere  of  current.  The  anode  fall  of  potential  is  about  20  volts, 
the  fall  through  the  gas  about  600  volts  (60  volts  per  cm),  and  the 
cathode  fall  260  volts.  Hence  the  total  energy  used  will  be  about  0.9 
watt,  of  which  about  a  third  is  used  up  at  the  cathode,  two-thirds  in 
the  gas,  and  a  negligible  amount  at  the  anode.  If  the  column  were 
shortened  to  5  cm  the  energy  used  at  the  electrodes  would  be  the 
same,  while  in  the  gas  but  half  the  previous  amount  of  energy  would 
be  used  up,  and  the  total  fall  of  potential  would  be  580  instead  of  880 
volts.  In  an  ordinary  illuminating  arc  carrying  a  current  of  10 
amperes,  of  the  total  drop  in  potential  of  approximately  60  volts,  about 
half  is  at  the  electrodes,  so  that  the  luminescent  gas  receives  about 
half  the  energy  supplied.  In  the  spark  we  may  be  reasonably  certain 
that  the  energy  losses  are  distributed  in  a  manner  intermediate  between 

«  Ann.  d.  Phys.  2,  pp.  158-178;  1900. 
2214— No.  3—05 8 
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that  of  the  arc  and  the  discharge  tube  mentioned  above.  In  every 
case  it  appears  to  require  a  greater  expenditure  of  energy  to  force  a 
(positive)  current  from  a  gas  into  a  metal  than  from  a  metal  into  a  gas. 

Now,  the  loss  of  energy  at  the  electrodes  is  not  within  the  electrode 
itself,  nor  is  it  in  the  adjacent  gas  outside;  it  is  localized  right  at  the 
surface  separating  the  electrode  from  the  conducting  gas,  and  repre- 
sents energy  used  in  forcing  the  current  from  the  metal  to  the  gas  or 
vice  versa.  Apparently  all  the  electrode  loss  of  electrical  energy  reap- 
pears as  heat  energy,  about  half  being  given  to  the  gas  and  half  to  the 
electrode.  In  the  spark  with  capacity,  probably  a  large  part  of  this 
energy  is  used  up  directly  in  vaporizing  the  surface  layer  of  the  metal, 
the  discharge  being  so  sudden  that  there  is  no  time  for  the  heat  to  be 
communicated  to  the  adjacent  metal  or  gas.  In  the  arc  a  considerable 
part  of  this  surface  heat  is  conducted  back  and  radiated  from  the  solid 
electrode. 

The  electrical  energy  equation  above  can  only  be  solved  when  the 
function  e{i)  is  known.  This  function  may  be  constructed  from  the 
properties  of  its  derivative  in  the  following  manner:  since  e{{)  has  in 
general  a  single  maximum  and  a  single  minimum,  but  no  real  roots, 
write  for  the  derivative  de=a{e—e^ {e—e^di^  where  ^  and  ^,  are  the 
ordinates  of  the  maximum  and  minimum.     By  integration 


a  function  having  the  general  properties  of  the  characteristic  curve 
for  a  gas,  but  which  does  not  give  a  solvable  form  when  substituted  in 
the  energy  equation. 
When  the  current  is  steady  the  energy  equation  becomes 

from  which  the  value  of  the  current  may  be  obtained  (Eauf mann,  1.  c.) 
graphically,  it  being  the  abscissa  of  the  point  of  intersection  of  the 
line  E^—iR  with  e{i),  (The  abscissa  of  the  point  of  intersection  of 
y=<Pi{x)  and  y=<p^{x)  is  a  root  of  the  equation  <Pi{x)—<p^{x)=o.) 
Since  in  a  conducting  gas  but  little  energy  is  stored  in  comparison 
with  what  is  dissipated,  the  e{i)  in  the  last  equation  is  the  same  as 
that  in  the  general  equation  above. 

Some  typical  characteristic  curves,  e{t),  are  shown  in  fig.  1.  The 
curve  marked  g  shows  the  drop  of  potential  as  a  function  of  the 
current  in  its  general  form.  It  is  to  be  noted  that:  (1)  the  current 
starts  with  a  brush  discharge,  during  which  the  drop  increases  with 
increasing  current;  (2)  there  is  a  maximum  drop  at  which  the  gas 


yUTTINO.] 


METAL-GAS   SPECTRA. 


403 


breaks  down;  (3)  after  the  gas  breaks  down  for  a  time  the  drop 
decreases  as  the  current  increases;  (4)  there  is  a  minimum  drop  at 
which  the  drop  is  independent  of  the  current,  (6)  followed  by  a  region 
in  which  drop  and  current  increase  together.  This  form  of  curve 
may  be  realized  in  a  gas  at  moderate  pressures  with  the  electrodes  at 
a  moderate  distance  apart.  ^ 

The  curve  a,  fig.  1,  is  characteristic  of  an  ordinary  arc.  The  maxi- 
mum is  very  high  (say  20,000  volts),  while  the  minimum  is  low,  only 
about  50  volts.  The  downward  sloping  part  of  the  curve  is  the  portion 
usually  observed,  using  but  little  series  resistance  and  low  e.  m.  f .  To 
start  an  arc,  like  any  other  form  of  gas  conductor,  one  must  either  (1) 


t 


CURRENT    i  ». 

Fig.  1.— Characteriatic  conduction  curves. 

raise  the  e.  m.  f .  above  the  maximum  drop  or  (2)  depress  the  maximum 
drop  below  the  e.  m.  f . ;  the  latter  may  be  done  by  bringing  the  elec- 
trodes into  contact,  starting  ionization  by  other  means  or  lowering  the 
pressure  on  the  intervening  gas. 

The  curve  h  is  characteristic  of  a  brush  discharge  at  high  pressures 
between  electrodes  wide  apart  or  pointed.  The  electromotive  forces 
concerned  are  very  large,  while  the  currents  are  small,  c  is  typical  of 
very  small  distances  and  high  pressures.  It  was  obtained  by  Guthe 
and  Trowbridge,*  using  steel  balls  nearly  in  contact  (10"^  cm  apart) 
as  a  coherer.     The  maximum  drop  is  only  about  one-fourth  volt,  while 

o  Studied  more  in  detail,  this  curve  shows  steps  and  other  irregularities  indicating 
saturation,  ionization  by  impact,  discharge  not  covering  electrodes,  etc.,  but  which 
need  not  be  considered  here. 

ftPhys.  Rev.,  11,  p.  29;  1900. 
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the  corresponding  current  is  nearly  half  an  ampere.  All  these  curves 
are  seen  to  be  special  forms  of  the  type  curve  g^  and  all  are  capable  of 
representation  by  the  function  e{i)  above  constructed. 

Given  the  characteristic  curve  for  a  gas  under  given  conditions, 
then  by  means  of  the  Kauf  mann  diagram  (fig.  2)  we  may  find  what  the 
current  will  be  in  a  circuit  containing  an  e.  m.  f .  E^,  and  an  ohmic 
resistance  R,  The  diagram  is  drawn  for  a  circuit  containing  a  gas  at 
rather  low  pressure,  with  a  moderately  large  e.  m.  f.  controlled  by 
considerable  resistance.  Keeping  the  e.  m.  f .  J^  constant,  if  the 
external  resistance  be  increased,  the  line  E^-iR  will  take  a  greater 
and  greater  slope  and  intersect  the  €{%)  curve  farther  and  farther 
to  the  left.  At  a  certain  slope  it  will  intersect  the  curve  in 
three  places  and    the  current   may   become  intermittent.     Finally 


I 
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Fio.  2.— Kaufman  diagram. 


it  will  become  tangent  to  the  under  side  of  the  gas  curve  and 
the  heavy  current  will  cease  abruptly,  leaving  only  the  brush 
discharge  corresponding  to  the  upper  intersection.  Diminishing 
the  external  resistance,  the  current  will  not  start  again  where  it 
ended  so  abruptly,  but  only  when  the  resistance  line  becomes  tangent 
to  the  curve  on  its  upper  side.  By  taking  a  higher  e.  m.  f.,  only 
single  intersections  will  occur  as  the  resistance  is  varied,  hence  the 
current  will  never  become  intermittent  and  the  whole  e{i)  curve  may  be 
followed  through  experimentally,  as  it  can  not  be  when  the  e.  m.  f. 
used  is  just  sufficient  to  break  down  the  gas.  Stark ^  has  worked  out 
the  relation  between  the  critical  minimum  current  for  the  arc  (when  the 


o  Ann.  d.  Phys.  12,  pp.  694-699;  1903. 
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arc  breaks)  and  e.  m.  f .  and  electrode  metal.  The  relation  to  the  den- 
sity of  the  surrounding  atmosphere  may  be  seen  from  figs.  1  and  2, 
since  as  the  pressure  is  diminished,  curve  a,  fig.  1,  is  deformed  into 
curve  g. 

When  a  spark  or  Plucker  tube  is  excited  by  an  induction  coil  or 
transformer,  it  is  the  e.  m.  f .  ^  that  is  variable,  while  the  resistance 
remains  constant.  In  this  case  the  Eq-IR  line  moves  parallel  to  itself, 
and  the  resultant  current  flowing  through  the  gas  has  quite  a  different 
wave  form  from  what  it  would  have  if  the  current  were  controlled  by 
varying  the  resistance  alone.  Fig.  3,  taken  from  the  author's  paper 
on  Rectifying  Effects,  shows  a  typical  curve  for  the  current  through  a 


fi 


Fio.  8.— Alternating  current  curve  through  gases. 

gas  upon  which  a  sine  alternating  e.  m.  f.  E{i)  is  impressed.  Starting 
with  the  point  a  on  the  curve  E{f)  giving  the  e.  m.  f .  as  a  function  of 
time,  the  point  c  on  the  curve  i{{)  giving  current  as  a  function  of  time 
is  obtained  by  means  of  the  intermediate  points  J^and  &,  assuming  that 
the  characteristic  curve  ^^)  for  the  gas  is  of  the  form  shown  and  that 
sufficient  ohmic  resistance  has  been  used  to  give  the  line  .£^'^  the  slope 
indicated.  Fig.  3  of  course  represents  the  current  only  in  the  ideal 
case  of  a  circuit  containing  neither  inductance  nor  capacity.  When 
inductance  (Z)  is  added,  instead  of  E-iR  we   must  use   the  line 

E-iR-L-^.  (a  line  in  three  dimensions  E^  i^j-)  to    find    the   current 
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graphically.  Without  constructing  this  three  dimensional  diagram  it 
is  easy  to  see  that  the  general  effect  of  adding  inductance  is  to  increase 
the  slope  of  the  E-iR  line  while  the  current  is  starting  and  to  decrease 
the  slope  when  the  current  is  decreasing.  Hence  the  vertical  portions 
of  the  current  curve  i  (^),  fig.  3,  will  be  replaced  by  sloping  lines  which 
will  always  be  convex  toward  the  axis  of  abscissae  and  sharp  comers 
will  all  be  rounded  off. 

When  a  low  voltage  transformer  (say  1,000  volts)  is  used  to  excite  a 
Pliicker  tube  with  but  little  resistance  or  inductance  in  series,  the  cur- 
rent, if  it  pass  at  all  beyond  a  mere  brush  discharge,  will  pass  with 
brilliant  flashes  of  light.  This  sudden  and  very  great  increase  in  the 
current  is  what  we  should  expect,  since  in  this  case  in  the  Kauf  mann 
diagram  the  line  E-iR  is  nearly  horizontal  and  after  it  has  once 
passed  over  the  crest  of  the  ^(^)  curve,  intersects  the  latter  only  at  a 
very  large  value  of  the  current. 

But  it  is  only  after  capacity  has  been  added  that  sufficient  quantity 
of  electricity  can  be  supplied  to  actually  attain  the  enormous  currents 
predicted  by  the  Kauf  mann  diagram  for  circuits  of  low  resistance  and 
inductance.  The  spark  with  capacity  runs  through  the  characteristic 
e{i)  curve  for  a  gas  up  to  large  values  of  i\  without  capacity,  an 
intermittent  or  alternating  current  runs  over  the  small  current  end  of 
the  curve  only.  When  the  spark  passes  several  times  during  each 
alternation,  all  discharges  after  the  first  are  made  over  a  modified  and 
much  lower  characteristic  curve.  The  effect  of  capacity  on  the  form 
of  the  current  curve,  i{t)^  fig.  3,  is  the  opposite  of  the  inductance 
effect,  it  sharpens  the  corners  and  increases  the  discontinuities.     But 

quantity  not  being  independent  of  the  current,  like  -^,  we  can  not 

extend  the  Eaufmann  diagram  to  cover  the  case  of  capacity  as  was 
possible  with  inductance,  nor  do  the  equations  appear  to  admit  of  other 
than  a  graphical  solution.  Aside  from  making  a  very  heavy  maximum 
current  possible,  adding  capacity  has  another  very  important  effect 
generally  overlooked,  namely,  that  of  reducing  the  potential  of  the 
discharge,  or  more  strictly  speaking  the  maximum  e.  m.  f .  of  the  spark 
circuit.  If  the  supply  of  energy  is  limited,  as  it  is  in  an  induction 
coil  or  small  transformer,  the  voltage  may  be  cut  down  to  10  or  20  per 
cent  of  its  value  when  no  capacity  is  in  circuit,  and  cutting  down  the 
voltage  nearly  to  that  necessary  to  just  cause  a  spark  to  pass,  increases 
the  discontinuities  in  the  current  curve,  and  hence  may  actually 
strengthen  the  metallic  spectrum.  I  have  succeeded  in  showing  this 
in  a  very  striking  manner.     A  2-mm  spark  in  hydrogen  at  about 
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atmospheric  pressure  was  produced  by  a  300-watt  6,000- volt  trans- 
former controlled  by  noninductive  resistance  in  its  100-volt  side. 
With  only  60  watts  supplied,  capacity  was  introduced  until  the  spark 
barely  passed,  and  thus  a  brilliant  metallic  spectrum,  sharing  the 
spectral  energy  about  equally  with  the  hydrogen,  was  obtained.  But 
when  the  energy  supply  was  increased  from  60  to  200  watts  the 
metallic  spectrum  was  weakened  to  less  than  one-fourth  of  the  total 
energy.  Introducing  inductance  did  not  appear  to  alter  this  voltage 
effect. 

Another  aspect  of  the  effect  of  capacity  on  the  spark  should  be 
mentioned  here.  If  a  spark  with  large  capacity  in  parallel  and  fed 
with  a  steady  supply  of  current  is  examined  with  a  rotating  mirror, 
bright  sparks  appear  at  regular  intervals.  On  decreasing  the  capacity 
gradually  the  sparks  appear  smaller  and  nearer  together,  until  at  ^ 
capacity  of  a  few  centimeters  they  are  no  longer  distinguishable.  The 
spark  has  now  become  an  arc,  and  from  this  point  of  view  an  arc  may 
be  regarded  as  a  rapid  succession  of  very  minute  sparks. 

Hartmann,"  working  with  a  magnesimn  arc  carrying  a  current  of 
4  amperes,  found  that  the  line  Mg  4481  appeared  much  brighter  witb 
only  20  volts  e.  m.  f .  than  it  did  on  a  120- volt  circuit.  A  Kauf  mann  dia 
gram  (see  fig.  2)  indicates  a  very  plausible  explanation.  The  20-voK 
current  is  just  on  the  point  of  breaking,  hence  the  E—iR  line  will 
cut  the  characteristic  gas  curve  in  three  points,  while  the  120- volt  line 
cuts  it  but  once.  The  20-volt  arc  should  then  be  of  the  nature  of  a 
rapid  succession  of  very  short  sparks,  and  might  well  show  sparl^ 
lines  in  its  spectrum. 

EZPERIMBNTAL  RSSULTS. 

Experimental  work  was  undertaken  chiefly  with  the  object  of  pro- 
viding a  wide  range  of  homogeneous  data  relating  to  the  conditions 
governing  the  relative  intensity  of  the  spectrum  of  the  electrodes  to 
the  spectrum  of  the  intervening  gas  in  arc,  spark,  and  discharge  tube. 
Spectra  of  21  different  metals  were  photographed  with  a  large  spec- 
trograph, all  under  a  uniform  schedule  of  81  different  conditions. 
Three  different  gases  were  used  as  atmospheres;  pure  hydrogen,  pure 
oxygen,  and  air,  each  being  used  at  three  different  pressures,  namely, 
760  nun,  380  mm,  and  100  mm,  a  cx)nsiderable  number  of  metals  being 
tried  at  4  mm  as  well.  On  each  plate  nine  spectra  were  taken  with  the 
same  metal  in  the  same  gas  at  the  same  pressure,  but  with  nine  differ- 
ent modes  of  excitation,  thus  making  81  different  spectra  of  each  metal. 

oAstroph.  J.  17,  p.  145;  1903. 
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e  spectra  of  the 

following  metals  were 

examined: 

Silver. 

Chromium. 

Palladium. 

Aluminium. 

Copper. 

Platinum. 

Gold. 

Iron. 

Antimony. 

Bismuth. 

Mercury. 

Silicon. 

Carbon. 

Magnesium. 

Tin. 

Cadmium. 

Nickel. 

Tellurium. 

Cobalt. 

Lead. 

Zme. 

The  excitation  schedule  was  as  follows: 

1.  Large  capacity — about  0.04  mf. 

2.  Moderate  capacity — about  0.02  mf. 

3.  Small  capacity — about  0.006  mf. 

4.  No  capacity;  i.  e.,  5, 000- volt,  a.  c  arc 

5.  Series  spark  with  small  capacity — 0.006  mf — over  both  sparks. 

6.  Same  as  (1),  but  with  lai^  inductance  added — 0.9  millihenry. 

7.  Same  as  (2),  with  same  inductance  as  (6). 

8.  Same  as  (3),  with  same  inductance  as  (6). 

9.  Same  as  (5),  with  same  inductance  as  (6). 

In  the  last  four  cases  capacity  was  varied  rather  than  inductance, 
because  the  inductance  effect  is  sharply  marked  and  persistent,  while 
the  capacity  effects  are  more  varied.  These  nine  spectra,  each  about 
15  cm  long  and  4  mm  wide,  were  photographed  side  by  side  on  the 
same  plate,  so  that  very  slight  variations  could  easily  be  traced. 

A  spark  about  2  mm  in  length  was  used.  This  was  excited  usually 
by  a  5,000-volt,  300  watt  transformer,  but  sometimes  a  6,000- volt  con- 
tinuous current  from  a  generator  set  was  used  instead.  The  condenser 
consisted  of  large  glass  plates  in  air  and  had  a  capacity  of  about  0.15 
microfarad,  variable  in  steps  of  0.006  mf.  The  inductance  spool  had 
an  inductance  of  about  0.9  millihenry,  variable  in  0.009  millihenry 
steps.  The  series  spark  used  was  between  15  mm  brass  balls  in  air 
and  was  lengthened  out  to  nearly  it«  maximum  before  an  exposure 
was  made.  The  tube  for  holding  the  electrodes  and  inclosing  the 
spark  is  shown  in  iig.  4.  It  was  designed  so  that  it  could  easily  be 
opened  for  cleaning  and  interchanging  electrodes  and  yet  withstand  a 
powerful  and  long-continued  discharge.  Electrodes  JE,  2  mm  in  diam- 
eter and  20  mm  long,  were  slipped  into  a  roll  of  platinum  foilP,  which 
was  inclosed  in  a  small  glass  tube  sealed  off  at  S  except  for  a  wire 
leading  to  the  outside.  The  ground  joint  e/ permitted  easy  removal 
of  the  whole.  The  design  prevented  conduction  of  heat  to  the  joint 
to  such  an  extent  that  stopcock  grease  could  be  used  (this  contained  1 
part  rubber,  1  part  vaseline,  i  part  paraffin).  A  bulb  B  proved  use- 
ful at  low  pressures  as  an  auxiliary  gas  reservoir  in  keeping  the  pres- 
sure constant.  A  quartz  window  W,  40  mm  in  diameter  and  40  mm 
away  from  the  spark,  was  attached  with  a  hard  grade  of  fusible  cement. 
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The  whole  makes  a  very  serviceable  spark  tube.  Grases  were  prepared 
electrolytically  from  a  solution  of  potassium  hydroxide  and  dried  with 
phosphorus  peutoxide.  At  each  filling,  the  tube  was  flushed  several 
times  with  the  gas  while  a  strong  discharge  was  passing. 


ELECTRODE  HOLDER 


The  spectrograms  gave  of  course  an  integrated  effect  so  far  as  time 
was  concerned,  but  effects  in  different  parts  of  the  spark  were  kept 
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separate  by  throwing  a  real  image  of  the  spark  on  the  slit.  Induc- 
tance and  capacity  effects  are  frequently  very  different  in  different 
parts  of  the  spark;  when  not  specifically  stated,  the  effects  here 
described  relate  to  the  central  portion  of  the  spark.  Changes  in  the 
individual  spectra  were  igtiored  as  far  as  possible  in  estimating  the 
relative  intensity  of  gas  and  electrode  spectra.  When  the  gas  spec- 
trum changed  from  primary  to  secondary,  the  secondary  was  compared 
with  the  metallic  spectrum.  When  inductance  cut  out  part  of  a  metal- 
lic spectrum,  the  remaining  spectrum  was  compared  with  the  gas 
spectrum. 

Throughout  the  numerous  variations  in  the  excitation,  the  resistance 
in  the  primary  (100- volt)  side  of  the  transformer  was  the  quantity  kept 
constant,  with  the  object  of  keeping  the  amount  of  energy  used  as 
nearly  constant  (300  watts)  as  possible.  The  spark  gap  was  usually 
lengthened  out  until  the  spark  just  passed  in  the  gas  at  one  atmosphere 
pressure  with  0.05  mf  capacity  in  parallel. 

In  the  data  given  below  the  intensity  of  the  metallic  spectrum  is 
given  as  a  percentage  of  the  whole  spectral  energy  of  the  spark,  elec- 
trode and  atmosphere  together;  30  indicates  that  30  per  cent  of  the 
spectral  energy  of  the  aluminium  spark — in  hydrogen,  say — is  in  the 
aluminium  spectrum,  while  70  per  cent  is  in  the  hydrogen  spectrum. 
These  proportions  were  roughly  estimated  from  prints  of  the  spectro- 
grams, the  whole  spectrum  between  the  limits  350  fxfx  and  650  ^fA,  being 
taken  into  consideration.  While  the  accuracy  attained  is  not  great,  it 
is  ample  to  determine  the  conditions  affecting  spectral  preponderance, 
and  fully  as  great  as  the  constancy  of  other  experimental  conditions 
would  warrant. 

(1)  Variation  with  electrode  metal, — Some  metals  give  relatively  a 
very  much  stronger  spectrum  than  others  under  the  same  conditions. 
The  series  runs  from  Cu  10,  R  16,  Ni  20  to  Pb  75,  Bi  80,  Te  80,  other 
metals  being  rather  evenly  distributed  between.  The  numbers  relate 
to  sparks  with  large  capacity  in  hydrogen  at  atmospheric  pressure. 
The  series  appears  to  bear  no  relation  to  the  fusion  temperature  series, 
to  the  atomic  weight  series,  or  to  the  cathode  fall  series,  nor  would 
the  extreme  infra-red <*  and  ultra-violet*  portions  of  the  spectra,  if 
taken  into  account,  alter  the  order  of  the  series  very  materially. 

(2)  ^ect  of  spark  atmosphere. — ^As  a  rule,  the  relative  intensity  of 
the  electrode  spectrum  does  not  vary  greatly  when  the  intervening 
gas  is  changed.  Hydrogen,  oxygen,  air,  and  in  two  cases,  with  alu- 
minium  and  iron,   mercury  vapor  were  used.     The  spark  usually 

flCoblentz:  Phys.  Rev.  20,  p.  122;  Feb.,  1905. 
ftPfluger:  Ann.  d.  Phys.  18,  p.  890;  1904. 
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appears  much  brighter  in  oxygen  than  in  hydrogen,  particularly  when 
capacity  effects  are  compared,  but  the  metal  spectrum  is  relatively 
little  if  any  brighter  than  in  hydrogen.  With  a  majority  of  metals 
there  appears  to  be  a  slight  increase  from  hydrogen  to  oxygen,  while 
air  gives  an  intermediate  intensity.  Cobalt  in  hydrogen  30,  in  oxy- 
gen 55,  in  air  40  per  cent,  is  typical.  In  an  atmosphere  of  mercury 
vapor  the  spectra  of  iron  and  aluminium  were  considerably  weaker 
than  in  the  lighter  gases,  as  we  should  expect  from  the  atomic 
weight  law. 

(3)  Effect  of  gas  pressure. — Changing  the  pressure  on  the  atmosphere 
about  a  spark  over  a  wide  range  (2  mm  to  800  mm)  does  not  alter  the 
preponderance  of  electrode  spectrum  over  gas  spectrum  sufficiently  to 
be  perceptible,  and  this  is  true  for  all  the  21  metals  tested  in  the 
various  gases  used,  and  whether  excited  with  or  without  capacity, 
inductance,  or  series  spark.  This  is  a  most  remarkable  result,  and  by 
no  means  to  be  expected.  In  a  very  few  cases  (out  of  the  1,600) — pal- 
ladium in  oxygen  with  capacity,  antimony  in  hydrogen  with  capacity 
and  inductance,  palladium  in  air  with  inductance,  nickel  and  zinc  in 
hydrogen,  and  magnesium  in  air  with  neither  capacity  nor  inductance — 
slightly  different  percentages  were  observed  at  high  and  low  pressures, 
but  the  differences  were  well  within  the  possible  errors  due  to  other 
causes.  Comparing  the  photographs  published  by  Hale  and  Kent,^  of 
the  spectra  of  an  iron  spark  at  high  pressures,  with  my  own,  it  would 
appear  that  the  independence  of  pressure  held  as  well  at  high  pres- 
sures, but  the  broadening,  reversal,  and  overlapping  of  the  lines  at 
high  pressures  make  the  results  uncertain. 

(4)  Efect  of  varying  capacity. — ^The  effect  of  varying  the  capacity 
in  parallel  with  the  spark  from  0.04  mf — ^about  all  that  a  2  mm  5,000- 
volt  300- watt  spark  will  carry — down  to  0.006  mf  is  scarcely  percepti- 
ble. As  the  critical  capacity — about  0.01  mf  at  760  mm  *  and  wave 
length  450  fi^x — ^is  passed,  the  gas  spectrum  passes  over  from  second- 
ary to  primary,  but  the  intensity  of  both  relative  to  the  metallic 
spectrum  is  the  same.  It  is  only  at  very  much  smaller  capacities — 
probably  less  than  10"*mf — that  a  spark  goes  over  into  an  arc — i.  e., 
that  a  rotating  mirror  fails  to  resolve  the  discharge  into  separate 
pulses. 

a  Afltrophys.  J.,  17,  p.  154;  1903. 

&See  B.  S.  Bulletin  No.  1,  p.  87,  for  data  on  critical  capacity.  The  180  sets  of 
spectra  taken  for  the  present  article  show  well  the  critical  capacity  effect  in  its 
relation  to  wave  length,  pressure,  and  inductance  and  independence  of  electrodes, 
gas,  spark  length,  and  voltage;  thus  adding  considerable  weight  to  the  conclusions 
drawn  in  the  preceding  paper. 
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(5)  Effect  of  a  spark  in  series. — Putting  in  circuit  a  spark  in  air 
with  0.006  mf  capacity  about  both  the  auxiliary  and  observed  spark, 
produced  the  same  effect  as  simply  adding  a  largjB  capacity — say,  0.04 
mf.  The  series  spark  has  a  great  practical  advantage  over  large 
capacity  at  low  pressures — 1  mm  and  less — in  that  it  will  break  up  a 
a  glow  discharge  and  give  a  strong  metallic  spectrum  and  secondary 
gas  spectrum  even  at  pressures  so  low  that  adding  capacity  has  no 
effect  whatever. 

(6)  Effect  of  removing  all  capa^ty  amd  vnd/uctam>ce. — A  spark  with- 
out capacity  is  of  course  an  arc,  in  this  case  it  was  an  arc  at  about 
4,000  volts  fed  at  about  0.05  ampere.  It  was  usually  very  faint  and 
frequently  at  low  pressure  degenerated  into  a  mere  glow  about  the  elec- 
trodes, particularly  in  hydrogen.  In  hydrogen  all  electrodes,  except 
those  of  Bi,  Hg,  Pb,  and  Pd,  show  a  relatively  much  weaker  spectrum 
than  in  the  capacity  spark.  But  in  oxygen  and  air  all  metals  showed 
relatively  the  same  spectral  intensity  without  capacity  as  with  capacity. 
This  effect  could  hardly  have  been  anticipated  and  has  an  important 
bearing  on  the  general  theory  following. 

(7)  Inductanoe  effect. — ^The  effect  of  inductance  in  cutting  out  the 
air  lines  from  a  spark  spectrum  has  been  studied  before  by  several 
workers,  but  from  the  results  of  my  own  work,  I  am  inclined  to 
question  the  existence  of  any  such  effect,  at  any  rate  in  atmospheres  of 
hydrogen,  nitrogen,  or  mercury  vapor,  in  the  case  of  any  of  the 
twenty -one  metfds  studied.  Added  inductance  does  change  the  secon- 
dary spectrum  of  a  gas  over  into  the  primary,^  in  a  2  mm  spark  as 
well  as  in  a  40  nmi  Plucker  tut)e,  but  there  is  no  possibility  of  anyone 
familiar  with  both  spectra  mistaking  the  effect.  Oxygen  lines  appear 
to  be  swamped  by  metallic  when  inductance  is  added,  but  what  really 
occurs  may  be  quite  different.  Oxygen  has  but  an  extremely  faint 
primary  anode  glow  spectrum,  at  least  in  the  visible  region.  Hence 
the  effect  of  adding  inductance  is  to  change  the  oxygen  spectrum  over 
into  an  invisible  form  and  not  to  swamp  it  with  the  spectrum  of  the 
electrodes.  The  oxygen  lines  in  the  air  spectrum  being  affected  in 
a  similar  manner,  the  air  spectrum  is  apparently  but  not  really  dis- 
placed by  the  metallic  when  inductance  is  added. 

(8)  Inductam.ce  with  variable  capacity  and  series  spark.— Yo\xv  of  the 
nine  spectrograms  on  each  plate  showed  the  resultant  variations  of 
these  opposed  effects.  An  inductance  of  0.9  millihenry — ten  times  the 
critical  inductance — was  connected  in,  while  capacity  was  varied  from 
very  large  to  very  small  and  a  series  spark  added.  While  metallic  and 
gas  spectra  each  show  wide  variations — various  lines  appear  or  dis- 

«  B.  S.  Bulletin  1,  p.  88. 
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appear  in  the  metallic  spectra  while  gas  spectra  change  from  primary 
to  secondary  and  vice  versa — yet  the  relative  total  intensity  of  metal 
to  gas  spectra  remains  unchanged  within  an  error  of  5  to  15  per  cent 
in  their  estimation.  This  invariability  under  such  directly  opposed 
conditions  is  strong  confirmation  of  effects  described  in  paragrapiis  4, 
6,  and  7.  Some  very  striking  differences  were  observed  in  the  behavior 
of  metallic  spectra  in  oxygen  and  hydrogen,  but  they  are  foreign  to 
the  subject  of  this  paper. 
An  abridged  table  of  results  is  given  below.  High,  low,  and  mod- 
Table  I. — Ratio  of  Metallic  Ensrot  to  the  Total  Enebot  of  Spark. 


Element. 

T Arge  capacity  and 
auxiliary  spark. 

Inductance  with 
0.01  mf  capacity. 

Arc  at  4,000  volts, 
0.05  ampere. 

H 

0 

Air 

H 

0 

Air 

H 

0 

Air 

Aff 

40 
30 
35 
80 
16 
46 
30 
40 
10 
26 
76 
60 
20 
76 
40 
16 

20 
60 
40 
80 
6 
46 
66 
76 
30 

30 
36 
40 
70 
10 
66 
40 

15 

30 
36 
36 
80 
10 
70 
40 
50 
10 
10 
90 
60 
16 
90 
65 
10 
65 
30 
36 
90 
40 

90 
60 
70 
90 
6 
90 
90 
96 
90 
90 

80 
26 
60 
90 
10 
90 
90 

20 
90 

10 
10 
30 
70 
10 
20 
40 
20 
10 
10 
70 
60 
10 
80 
40 
10 
10 
10 
16 
30 
10 

20 
40 
30 
90 
10 
70 
30 
80 
70 
60 

60 

Al 

10 

Au 

50 

Bi 

70 

C 

10 

Cki 

90 

Co 

30 

Cr 

Cu 

10 

Fe 

70  1  76 

1 

Hg 

Mg 

66    60 
50    40 

90 
90 
95 
86 
80 
70 
70 
96 
90 
85 

90 
50 
85 
80 
40 
40 
40 
80 
70 
40 

80 
50 

30 

Ni 

.^ 

Pb 

80 
46 
20 

70 
66 
10 
36 

80    50 

Pd 

70    26 

Pt 

25    10 

Sb 

36  ,  30 
36    ») 

1 
45    20 

Si 

66    16 

Sn 

46 

SO    <U1 

66    15 

Te 

80    76    30 
30  1  30    .^ 

20    25 

• 

Zn 

30    2n 

erate  pressures  are  grouped  together,  as  are  the  effects  of  large  capacity 
and  series  spark.  The  inductance  effects  quoted  relate  to  0.9  milli- 
henry used  with  0.01  microfarad  capacity.    The  group  headed  **arc" 


414       BULLETIN  OF  THE  BUREAU  OF  STANDARDS.   Ivol.i.ho.8w 

relates  to  sparks  without  other  capacity  than  lead  wires  a  meter  long. 
Results  for  carbon  (Acheson  graphite)  are  very  uncertain  on  account 
of  the  lack  of  intensity  of  the  carbon  spectrum  in  comparison  with 
compound  spectra  and  the  spectra  of  the  impurities  (calcium  and 
titanium)  present.  These  foreign  spectra  were  left  out  of  account  in 
the  estimate  of  the  ratio  of  carbon  to  gas  spectra.  Values  for  oxygen 
with  inductance  are  given  as  they  appeared  with  no  account  taken  of 
the  shift  to  infra-red.  The  mercury  spark  was  about  3  mm  long  from 
mercury  to  mercury  through  a  hole  in  the  side  of  an  auxiliary  glass 
tube. 

(9)  Effect  ofcwrrent  density. — Varying  the  current  has  a  pronounced 
effect  in  intensifying  the  spectra  of  the  electrodes  at  the  relative  expense 
of  the  spectrum  of  the  intervening  gas.  The  effect  is  well  known  and 
considerable  data  is  available.  Varying  the  current  varies  the  amount 
of  vaporization  and  ionization,  and  these  factors  chiefly  govern  spectral 
predominance.  Vaporization  is,  of  course,  not  so  much  due  to  a  heat- 
ing of  the  electrode  as  a  whole  as  to  a  skin  effect  due  to  the  great 
energy  lost  in  the  electrode  fall  of  potential  at  the  surface.  Whether 
the  electric  current  first  causes  a  local  heating  and  this  heating  vapor- 
izes the  metal,  or  whether  the  current  tears  the  particles  directly  from 
the  surface  and  this  electrical  vaporization  causes  the  heating  after- 
wards we  are  unable  to  state,  but  evidence  for  the  latter  process  appears 
stronger.  This  energy  loss  at  the  surface  of  an  electrode  being  equal 
to  the  product  of  current  and  electrode  fall,  the  latter  being  roughly 
proportional  to  the  current,  we  should  have  vaporization  approxi- 
mately proportional  to  the  square  of  the  cuiTent.  Since  the  lumi- 
nosity of  a  conducting  gas  is  very  nearly  proportional  to  the  current, 
the  intensity  of  the  spectrum  of  the  spark  or  arc  atmosphere  would  be 
proportional  to  the  current.  On  the  other  hand  the  luminosity  of  the 
vapor  of  the  electrodes  depends  on  the  variable  amount  of  vapor  pres- 
ent as  well  as  on  the  current.  Since  the  amount  of  the  electrodes 
vaporized  is  roughly  proportional  to  the  square  of  the  current,  the 
luminosity  of  the  electrode  vapor  would  be  proportional,  approxi- 
mately, to  the  cube  of  the  current.  Hence  a  heavy  current  would 
greatly  assist  the  preponderance  of  metallic  over  gas  spectrum. 

(10)  Effect  of  deci/rode  temperciture. — Raising  the  temperature  of  an 
electrode  increases  the  vapor  pressure  of  the  metal,  but  diminishes  the 
electrode  fall  of  potential,**  hence  the  most  advantageous  temperature 
will  l>e  an  intermediate  one,  varying  widely  with  the  substance  used. 
But  in  the  case  of  nearly  all  metals  of  high  melting  point  both  coeflB- 

« Cunningham:  Phil.  Mag.,  9,  193;  Feb.,  1905. 
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cients  are  very  small,  and  the  effect  of  electrode  temperature  is 
negligible. 

(11)  Effect  of  distance  betioeen  electrodes. — By  varying  the  length  of 
the  column  of  the  conducting  gas  one  may  obtain  metal  and  gas  spec- 
tra in  any  proportion  from  pure  metal  to  pure  gas.  Current,  pres- 
sure, and  distance  from  an  electrode  of  the  observed  portion  are  the 
chief  variable  factors  to  be  considered.  At  high  pressures  we  may 
have  all  gradations  from  an  arc  to  a  lightning  discharge;  at  low  pres- 
sures, everything  from  an  arc  to  a  glow  discharge.  Current  and  elec- 
trode fall  of  potential  determine  the  amount  of  metallic  vapor  that 
will  appear  at  a  given  distance  from  an  electrode.  Hence  at  constant 
current,  pressure  and  distance  apart  of  electrodes  need  not  be  con- 
sidered, except  in  so  far  as  they  affect  electrode  fall.  Since  neither 
anode  fall  ^  nor  cathode  fall  *  varies  greatly  with  pressure,  at  constant 
current  the  amount  of  metallic  spectrum  showing  in  a  given  part  of  a 
discharge  is  practically  constant.  Even  in  a  low-pressure  discharge 
tube  40  cm  long,  at  a  pressure  of  0.06  mm,  I  have  found  the  spectrum 
of  the  electrodes  (aluminum  and  magnesium)  to  be  a  considerable  por- 
tion of  the  canal  ray  glow  spectrum. 

The  effects  of  varying  other  conditions  than  those  above  discussed 
appear  to  be  vanishingly  small  if  existent.  Varying  the  e.  m.  f.,  for 
example,  has  little  if  any  effect  so  long  as  current  remains  constant, 
account  being  taken  of  the  very  considerable  effect  on  the  form  of  the 
discharge  of  varying  the  control  resistance.  Nor  does  the  form  of 
the  current  wave  in  an  intermittent  discharge  appear  to  affect  the  rel- 
ative intensity  of  the  metallic  spectrum.  Adding  capacity  increases 
the  maximum  current  enormously,  but,  if  the  mean  current  is  kept 
constant,  does  not  appreciably  increase  the  preponderance  of  the 
metallic  spectrum.  The  same  may  be  said  of  the  auxiliary  spark. 
Inductance  changes  only  the  form  of  the  current  wave.  Resistance 
of  course  would  change  not  only  wave  form  but  mean  current,  but  at 
constant  current  does  not  affect  metallic  preponderance. 

Conclusions. 

The  results  of  this  investigation  show  that  the  same  three  general 
laws  (p.  400)  hold  for  the  distribution  of  spectral  energy  between  elec- 
trodes and  gas  as  hold  for  other  mixed  gases.  Relative  spectral  energy 
depends  upon  the  relative  amounts  of  the  two  gases  or  vapors  present 
and,  with  moderate  excitation,  upon  the  atomic  weight.     The  amount 

o Skinner:  Wied.  Ann.,  68,  p.  752;  1899. 
ft  Warburg:  Wied.  Ann.,  40,  p.  1;  1890. 
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of  electrode  vapor  present  depends  upon  current  and  electrode  fall  of 
potential,  being  a  surface  effect  proportional  to  the  energy  used  in 
metal-gas  conduction.  This  electrode  fall  is  again  a  function  of  a 
number  of  other  variables.  It  is  nearly  proportional  to  the  current, 
varies  slightly  with  the  pressure  on  the  gas  and  the  temperature  of  the 
electrodes.  The  conditions  necessary  for  obtaining  a  gas  spectrum 
free  from  the  spectrum  of  the  electrodes  used,  or  for  obtaining  the 
spectrum  of  a  given  metal  as  free  as  possible  from  the  spectrum  of 
the  surrounding  atmosphere,  may  then  be  mapped  with  some  certainty. 
The  general  case  is  considered,  namely  that  of  a  column  of  gas  form- 
ing part  of  an  electric  circuit  that  is  otherwise  metallic. 

The  conditions  favoring  a  pure  gas  spectrum  are  (1)  small  current 
density  at  the  electrodes,  (2)  substance  of  electrodes  to  be  of  some  metal 
like  aluminum,  copper,  or  platinum  showing  small  vaporization,  (8) 
electrodes  to  be  at  a  considerable  distance  apart  and  only  the  middle 
portions  of  the  discharge  are  to  be  used.  Gras  density,  capacity, 
inductance,  series  spark,  and  other  conditions  have  but  little  effect, 
and  hence  may  be  adapted  to  other  requirements.  All  three  conditions 
above  stated  are  realized  in  the  Pl&cker  tube,  the  loss  in  luminosity 
caused  by  the  use  of  small  currents  being  compensated  for  by  the  cen- 
tral constriction.  In  the  ordinary  arc  or  spark  under  the  most  favor- 
able conditions,  it  is  difficult  to  obtain  a  gas  spectrum  more  than  80 
per  cent  pure,  whereas  by  decreasing  the  current  and  separating  the 
electrodes,  practically  100  per  cent  purity  may  easily  be  realized. 

To  obtain  a  pure  electrode  spectrum,  we  must  have  (1)  large  current 
density  and  (2)  electrodes  near  together.  Oxygen  appears  to  be  the 
most  favorable  gas  to  use  with  the  majority  of  metals,  probably  on 
account  of  the  greater  cathode  and  anode  fall  of  potential  in  this  gas. 
The  above  conditions  are  realized  in  the  arc  and  spark,  95  per  cent 
purity  being  easily  obtainable.  Pressure  being  of  little  consequence, 
it  may  be  reduced  to  give  narrow  lines,  a  series  spark  l>eing  added  if 
necessary.  Other  independent  conditions  may  of  course  be  varied  in 
adaptation  to  experimental  requirements. 

March,  1906. 


USE  OF  WHITE  WALLS  IN  A  PHOTOMETRIC  LABORATORY. 


By  Edward  P.  Hydb. 


It  is  usually  considered  by  photometricians  that  one  of  the  essen- 
tial requisites  for  accurate  work  in  photometry  is  that  the  walls  of  the 
photometer  room  be  made  as  nearly  *'dead  black"  as  possible.  It  is 
surprising  how  long  this  tradition  of  photometry  has  persisted,  par- 
ticularly as  it  necessitates  the  exclusive  use  of  a  room  for  photometric 
measurements,  since  a  room  blackened  in  the  customary  manner  is 
unfit  for  any  other  work.  Perhaps  it  is  due  to  this  fact  that  one  so 
often  finds  the  photometric  laboratory  in  a  small  room  in  the  basement 
or  garret,  or  some  other  place  that  is  unsuited  for  any  other  purpose. 
In  all  open-flame  work,  however,  much  larger  errors  may  result  from 
poor  ventilation  in  a  small  room  than  from  light  reflected  from  white 
walls  of  a  larger  room,  if  a  proper  set  of  screening  diaphragms  is  used. 


P                     c                      B          A 
•"— ■  -» -5: h H 
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Fio.  1.— Horizontal  section  through  center  of  photometer  screen. 

So  far  as  I  know  nothing  has  been  published  as  to  the  magnitude 
of  the  error  due  to  white  walls  when  the  photometer  is  protected  by 
black  diaphragms,  although  this  arrangement  is  at  present  in  use  to 
some  extent  in  the  photometric  laboratory  of  the  Physikalisch-Tech- 
nische  Reichsanstalt  of  Germany. 

In  the  photometric  laboratory  of  the  Bureau  of  Standards  the  walls 
of  one  of  the  rooms,  which  is  about  29  feet  long,  19  feet  wide,  and  12 
feet  high,  were  left  white  for  a  year  after  the  construction  of  the 
building.  Recently  they  have  been  given  a  light  terra-cotta  finish  for 
decorative  purposes,  but  the  following  measurements  were  made  while 
the  walls  were  still  white.  The  photometer  is  placed  near  the  middle 
of  the  room  and  is  supplied  with  a  set  of  diaphragms  covered  with 
black  velvet.  These  diaphragms  may  be  so  arranged  for  any  position 
on  the  bar  that  no  light,  except  that  reflected  from  the  lamps  under 
test  or  from  the  diaphragms  themselves  can  reach  the  photometer 
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screen,  as  shown  by  the  accompanying  sketches.  Fig.  1  is  a  horizon- 
tal section  of  the  photometer  through  the  center  of  the  Lunmier- 
Brodhun  sight-box,  showing  the  arrangement  of  diaphragms  A^  J?,  C^ 
and  D.  Elevations  of  these  diaphragms  perpendicular  to  the  axis  of 
the  photometer  are  given  in  fig.  2.  By  reference  to  fig.  1  it  is  seen 
that  an  eye  placed  at  P  could  see  nothing  but  black  velvet  diaphragms 
and  the  lamps  under  test.  Conversely,  no  light  could  reach  the  screen 
except  from  the  lamps  or  from  the  diaphragms. 

In  case  a  Bunsen  or  Leeson  disk  is  used,  extra  precautions  would 
have  to  be  taken  to  prevent  light  from  penetrating  to  the  screen  from 
the  front  of  the  box.  It  is  essential  that  this  condition  be  fulfilled  if 
the  walls  are  to  be  left  white,  as  any  reflected  light  reaching  the  screen 
directly  would  materially  affect  the  result.  Furthermore,  it  is 
desirable  that  all  outside  light  be  excluded  by  the  use  of  dai^  cuiiains, 
as  under  these  circumstances  the  only  light  that  can  reach  the  pho- 
tometer screen,  apart  from  the  direct  light  from  the  lamps,  is  that 
part  of  the  light  from  the  two  lamps  which  is  reflected  by  the  walls 
back  to  the  lamps  and  the  diaphragms,  and  thence  to  the  photometer. 


Fio.  2.— Front  elevation  of  diaphragms. 

In  order  to  determine  the  magnitude  of  the  errors  resulting  from 
this  reflected  light  from  the  white  walls  of  the  photometer  room  of 
the  Bureau  of  Standards,  the  measurements  described  below  were 
made.  The  results  of  these  measurements  show  conclusively  that  the 
error  is  entirely  negligible. 

Before  giving  the  results  of  the  measurements  it  may  be  well  to 
say  a  word  or  two  in  regard  to  the  method  of  measurement  employed 
at  the  Bureau  in  the  comparison  of  incandescent  lamp  standards.  On 
the  carriage  on  the  right  side  of  the  photometer  is  placed  a  well 
seasoned  incandescent  lamp,  though  not  ordinarily  a  standard.  This 
lamp  is  raised  to  such  a  voltage  that  its  color  is  approximately  the 
same  as  the  color  of  the  lamps  to  be  compared  on  the  other  side  of  the 
photometer,  and  it  is  kept  at  this  voltage  throughout  the  test.  The 
carriage  on  which  this  comparison  lamp  is  mounted  is  then  rigidly 
connected  by  means  of  adjustable  links  to  the  carriage  on  which  the 
photometer  screen  is  mounted,  and  at  a  suitable  distance  to  produce 
the  desired  illumination  of  the  screen.  The  standard  is  then  mounted 
on  the  carriage  on  the  left  side  of  the  photometer,  and  is  placed  at 
such  a  position  as  to  give  a  balance  with  the  photometer  at  approxi- 
mately the  middle  of  the  bar.    The  standard  is  brought  to  the  proper 
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voltage  and  several  readings  are  taken.  The  lamps  to  be  standardized 
are  then  mounted  successively  on  the  same  carriage  and  readings  are 
made.  At  the  end  the  standard  is  again  measured.  If  the  lamps  that 
are  compared  with  the  standard  are  of  the  same  nominal  candle-power 
as  the  standard,  the  left-hand  carriage  is  kept  at  the  same  position  on 
the  bar.  If  the  candle-power  is  different,  the  left-hand  carriage  is 
placed  so  that  the  balance  comes  at  about  the  same  place  on  the  bar. 

This  method  of  measurement,  which  is  a  substitution  method,  has 
many  advantages  in  accurate  work.  It  eliminates  all  dissymmetry  on 
the  two  sides  of  the  photometer,  and  thus  avoids  the  necessity  of 
reversing  the  photometer  screen. 

In  making  the  measurements  of  the  effect  of  reflection  from  the 
walls  the  right  side  of  the  photometer  was  entirely  protected  from 
reflected  light  from  the  walls  by  large  screens,  which  nearly  surrounded 
that  half  of  the  photometer  bar,  so  that  when  the  left  side  of  the 
Lummer-Brodhun  sight-box  was  closed  by  a  shutter  no  illumination 
was  visible  in  the  eyepiece.  The  velvet-covered  diaphragms  and  the 
lamp  on  the  left  side  of  the  photometer,  on  the  contrary,  were  left 
exposed  to  the  reflected  light  from  the  walls,  as  in  the  ordinary  liiethod 
of  measurement,  except  that  the  lamp  on  that  side  was  not  burning. 
Therefore  the  only  light  that  penetrated  to  the  screen  was  that  which, 
reflected  from  the  walls,  fell  upon  the  lamp  and  black  velvet  diaphragms 
and  was  reflected  by  them  to  the  screen. 

In  order  that  the  walls  should  be  illuminated  to  the  same  extent  as 
in  the  ordinary  measurements,  a  16  c.  p.  lamp  was  burned  near  the 
position  of  the  comparison  lamp,  and  another  lamp  was  burned  near 
the  position  of  the  standard  lamp,  but  so  shielded  in  each  case  that  no 
direct  light  could  reach  the  photometer.  The  lamp  on  the  left  near 
the  un  burned  standard  was  changed  from  time  to  time  from  a  82  c.  p. 
lamp  to  a  16  c.  p.  lamp,  depending  upon  whether  a  82  c.  p.  unburned 
lamp  was  in  the  left  socket  at  the  distance  from  the  screen  at  which  a 
82  c.  p.  lamp  is  usually  placed  or  a  16  c.  p.  lamp  was  in  the  socket  at 
the  position  used  with  a  16  c.  p.  lamp.  These  precautions  were  taken 
in  order  to  secure  as  nearly  as  possible  working  conditions. 

Under  these  circumstances  it  was  perfectly  plain,  on  looking  into 
the  eyepiece  of  the  photometer,  that  the  left  side  of  the  sight-field  was 
slightly  illuminated,  and  it  only  remained  to  measure  this  illumination 
under  the  different  conditions  likely  to  occur.  To  this  end  a  1  c.  p. 
lamp,  which  had  been  placed  on  the  carriage  on  the  right  in  the  posi- 
tion' of  the  comparison  lamp,  was  brought  to  incandescence,  and  the 
light  from  this  lamp  was  cut  down  by  absorption  strips  of  smoked 
glass  having  known  coefficients  of  transmission.  Thus  successive 
absorption  strips  were  added  until  a  balance  was  obtained,  and  the 
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number  of  strips  and  the  positions  of  the  three  carriages  were  recorded. 
This  method  of  procedure  was  followed  through  a  great  number  of 
measurements,  the  conditions  being  changed  from  time  to  time  until 
all  the  conditions  that  are  actually  encountered  were  included  in  order 
to  determine  whether  any  error  due  to  the  walls  could  possibly  be 
introduced  in  any  comparisons  that  are  ever  made.  What  was  actually 
measured  each  time  of  course  was  the  illumination  of  the  screen  due 
to  the  reflected  light,  and  it  was  merely  a  matter  of  computation  to 
determine  what  the  candle-power  at  any  distance  would  be  in  order  to 
produce  the  illumination  found. 

I  shall  not  give  the  results  of  all  the  measurements  that  were  made, 
but  merely  indicate  the  results  for  two  typical  cases  which  show  clearly 
the  order  of  magnitude  of  the  effect.  First,  from  the  direct  measure- 
ment of  the  illumination  that  was  produced  when  a  32  c.  p.  standard 
(not  burning)  was  placed  at  the  position  at  which  a  32  c.  p.  lamp  is 
generally  placed  in  standard  measurements,  and  another  32  c.  p.  lamp 
was  illuminating  the  walls,  calculation  showed  that  the  illumination 
on  the  screen,  due  to  the  reflection  from  the  walls,  was  that  which 
would  be  produced  by  a  source  of  0.003  candle  at  the  position  of  the 
32  c.  p.  standard.  In  a  similar  way  the  correction  to  a  16  c.  p.  lamp 
was  found  to  be  about  0.001  or  0.002  candle.  Thus  we  see  that  not 
only  would  the  relative  error  in  comparing  a  16  c.  p.  lamp  with  a  82 
c.  p.  lamp  be  negligible,  but  that  the  absolute  error  for  either  one 
would  be  negligible  in  the  most  refined  measurements,  being  of  the 
order  of  magnitude  of  1  part  in  10,000.  To  be  sure,  the  determina- 
tion of  this  correction  may  be  considerably  in  error,  but  since  the  cor- 
rection is  so  very  small  it  could  be  increased  to  several  times  its 
value  and  still  be  beyond  recognition. 

All  of  these  measurements  were  made  with  the  windows  covered 
with  heavy  curtains,  the  only  sources  of  illumination  of  the  walls 
being  lamps  similar  to  ones  that  would  ordinarily  illuminate  the  walls 
when  making  photometric  measurements.  When  the  curtains  were 
raised  the  effect  was  greatly  increased,  so  that  the  error  in  a  32  c.  p. 
lamp  was  several  tenths  of  a  candle,  varying  with  the  brightness  of 
the  sky  and  with  the  distribution  of  objects  about  the  room.  Approxi- 
mately the  same  relative  error  was  found  for  the  16  c.  p.  lamp,  so  that 
in  comparative  measurements  the  erroi*s  in  general  would  be  negligible; 
but  since  the  errors  of  measurement  of  these  corrections  were  neces- 
sarily large,  and  since  we  found  the  corrections  to  vary  considerably 
when  an  observer  moved  in  front  of  a  window,  it  is  desirable  to 
exclude  daylight  by  curtains. 

In  conclusion,  I  desire  to  express  my  indebtedness  to  Mr.  F.  E. 
Cady  for  valuable  assistance  in  making  the  observations. 


INFLUENCE  OF  WAVE  FORM  ON  THE  RATE  OF  INTEGRATING 

INDUCTION  METERS. 


By  E.  B.  Rosa,  M.  G.  Lloyd,  and  C.  E.  Rbid. 


We  jjfive  in  this  paper  the  results  obtained  with  five  integrating 
induction  wattmeters,  on  which  we  have  made  a  large  number  of 
tests,  although  further  work  remains  to  be  done.  These  results  may 
therefore  be  regarded  as  preliminary,  illustrating  the  methods  em- 
ployed and  the  results  obtained  when  changes  are  made  in  the  wave 
form  by  altering  the  magnitude  or  phase  of  the  harmonics  present. 

Two  of  the  meters  employed  were  sent  to  the  Bureau  of  Standards 
for  test  by  the  makers.  The  others  were  meters  which  we  happened 
to  have  in  the  laboratory  when  the  tests  were  undertaken.  The  follow- 
ing is  a  list  of  the  meters: 

No.  1,  Stanley  (magnetic  suspension  type),  50  amperes. 
No.  2,  Stanley  (magnetic  suspension  type),  50  amperes. 
No.  3,  Fort  Wayne,  type  **K,"  50  amperes. 
No.  4,  General  Electric  (1902  House  tjrpe),  25  amperes. 
No.  5,  Siemens  &  Halske,  25  amperes. 

All  the  meters  are  made  for  60  cycles,  single  phase.  The  first  four 
are  American  instruments;  the  last  is  of  German  make.  Each  meter 
was  tested  at  full  load  and  at  110  volts,  and  at  approximately  unity 
power  factor. 

In  order  to  determine  the  effect  on  the  rate  of  an  induction  meter 
due  to  varying  the  wave  form,  it  is  necessary  to  eliminate  carefully  any 
effects  due  to  variation  in  the  temperature  of  the  meter  or  changes  in 
the  frequency  of  current,  or  other  alterations  in  the  conditions  of  the 
meter  or  circuit.  In  most  cases  the  effect  of  a  moderate  distortion  of 
the  wave  is  small,  and  unless  all  measurements  are  made  with  great 
care  the  effects  looked  for  may  be  masked  by  other  effects  or  by  errors 
of  measurement.  The  meters  were  tested  alternately  with  current  of 
sine  wave  form  and  with  a  distorted  wave,  the  distortion  being 
produced    by   adding   a   harmonic   of    three   times   the   frequency 
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Phase  0* 


Fie.  l.^Showing  the  resultant  of  combining  the  fundamental  and  harmonic  of  three  times  the 
frequency  and  25  per  cent  of  the  ma^ltude  of  the  fundamental,  giving  flrsta  peaked  wave  and 
second  (when  the  phase  of  the  harmonic  is  reversed)  a  flat  or  dimpled  wave.  Both  fundamental 
and  harmonic  are  of  sine- wave  form. 


Phase   30* 


Fio.  2.— Showing  the  resultant  of  a  fundamental  and  a  harmonic,  as  in  fig.  1,  except  that  the  phase 
of  the  harmonic  has  been  shifted  80''  by  changing  the  coupling  5P. 
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Phase  60* 


Fig.  8.— Showing  the  resultant  of  a  fundamental  and  a  harmonic  as  in  fig.  1,  except  that  the  phase 

of  the  hannonic  has  been  shifted  60''. 


Phase  90' 


Fio.  4.~Showlng  the  resultant  of  a  fundamental  and  a  harmonic  as  in  fig.  1,  except  that  the  phase  of 
the  harmonic  has  been  shifted  90^  by  changing  the  coupling  1^,  The  wave  form  for  '*  peak  "  and 
"  flat"  are  here  alike,  except  that  the  steeper  side  is  in  advance  in  the  **peak  "  and  the  more 
gradual  slope  is  in  advance  on  the  "  flat."  *  *  Peak  "  and  '  *  flat "  are  conventional  terms,  Indicating 
the  phase  of  the  harmonic.  If  the  coupling  were  shifted  16^  more,  the  "  flat "  curve  would  become 
peaked. 
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of  the  fundamental,  varying  both  the  amplitude  and  phase  of 
this  harmonic.  This  was  done  by  means  of  an  alternating  cur- 
rent generating  set  of  three  machines,  two  alternators  and  a  direct 
connected  driving  motor,  one  alternator  having  four  poles  and  the 
other  twelve.  The  current  from  each  machine  is  very  nearly  of  sine 
wave  form,  and  tests  were  made  of  the  meters  alternately  with  the 
fundamental  only,  and  with  the  harmonic  added.  Three  different 
relative  values  and  four  different  phases  of  the  harmonic  have  been 
employed.  The  three  values  of  the  harmonic  are  10  per  cent,  26  per 
cent,  and  50  per  cent,  respectively,  of  the  value  of  the  fundamental. 

For  example,  since  E-=  %/FVK£^?  in  the  first  case  the  addition  of 
11  volts  of  the  harmonic  to  110  volts  of  the  fundamental  gives  a 
resultant  of  about  110.5  volts,  the  wave  being  more  or  less  peaked 
than  a  sine  wave,  according  to  the  phase  of  the  harmonic.  In  the 
second  case  108  volts  of  the  fundamental  plus  27  volts  of  the  harmonic 
gives  a  resultant  of  111.3  volts.  (The  voltage  in  each  case  was 
reduced  to  exactly  110  by  resistance  in  series.)  This  resultant  is 
shown  in  figs.  1  to  4,  where  the  25  per  cent  harmonic  is  in  different 
phase  in  each  of  the  four  cases.  This  difference  is  produced  by  shift- 
ing the  coupling  of  one  of  the  generators  to  the  driving  motor,  5**, 
10%  or  15**  in  the  coupling  corresponding  to  10®,  20*",  or  30**  in  the  wave 
of  the  fundamental,  and  to  30**,  60**,  or  90**  in  the  phase  of  the  harmonic. 
A  shift  of  30**  in  the  coupling  corresponds  to  180**  in  the  phase  of  the 
harmonic,  and  is  the  same  as  reversing  the  phase  by  reversing  the 
connections  at  the  terminals  of  the  higher  frequency  generator.  The 
latter  is  of  course  the  more  convenient,  and  was  the  usual  method  of 
changing  from  what  we  call  a  flat  to  a  peaked  wave.  The  curves  shown 
in  figs.  1  to  4  have  been  frequently  verified  by  drawing  the  resultant 
waves  by  means  of  a  curve  tracer.  This  not  only  verifies  the  wave 
form,  but  serves  to  insure  against  errors  in  the  connections. 

The  current,  voltage,  and  power  factor,  as  well  as  the  temperature 
and  frequency,  were  maintained  as  nearly  constant  as  possible  during 
a  set  of  inins.  A  standard  wattmeter  which  was  calibrated  by  direct 
currents  using  two  potentiometers  to  measure  simultaneously  the  cur- 
rent and  the  voltage,  was  read  by  a  telescope  and  scale.  By  means  of 
a  carbon  rheostat  the  deflection  of  this  instrument  was  maintained 
accurately  constant  while  carrying  alternating  current  during  a  set  of 
runs  on  the  meters.  The  wattmeter  is  of  the  dynamometer  type  and 
astatic.  The  fixed  coils  are  stranded  and  wound  on  wooden  spools,  and 
very  little  metal  is  used  in  the  region  of  the  coils.  The  movable  coils 
have  very  slight  inductance,  and  every  precaution  is  taken  to  avoid 
errors  due  to  eddy  currents  or  wave  form.     The  instrument,  being 
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carefully  calibrated  with  direct  current,  is  then  correct  for  alternating 
current. 

Table  I* — ^Dktermination  op  the  Timbb  of  Rbvolution  of  the  Disks  of  Thbeb 

Metbbs. 


RUN  NO. 

1,  MAY  26,  1904. 

MKTBBl. 

MKTBB2. 

MBTEB8 

• 

Interval 

Interval  be- 
tween Ist 

andl5th  con- 
tacts. 2d 

and  16tncon- 
tacts,  etc. 

Interval 

Interval  be- 
tween 1st 

Interval 

Interval  be 
tweenlst 

No. 

between 

between 

and  15th 

between 

and  15th 

Time. 

succes- 

Time. 

sQccea- 

contacts, 

Time. 

succes- 

contacts, 

sive  con- 
tacts. 

sive  con- 
tacts. 

2d  and 
16th  con- 

sive con- 
tacts. 

2d  and 
16th  con- 

tacts, etc. 

tacts,  etc 

m.     «. 

m.     «. 

m.     «. 

1 

1     5.80 

1.55 

0    45.96 

1.60 

0    46.70 

1.80 

2 

6.85 

1.55 

47.56 

1.68 

»■ 

47.00 

1.81 

8 

8.40 

1.65' 

49.24 

1.57 

48.81 

1.82 

4 

10.06 

1.61 

60.81 

1.61 

49.68 

1.87 

5 

11.66 

1.64 

52.42 

1.68 

51.00 

1.80 

6 

18.30 

1.52 

54.05 

1.54 

52.80 

1.80 

7 

14.82 

1.68 

55.50 

1.66 

58.60 

1.87 

8 

16.45 

1.60 

57.25 

1.65 

54.97 

1.88 

9 

18.05 

1.67 

58.90 

1.60 

56.80 

1.80 

10 

19.72 

1.58 

1      0.50 

1.55 

57.60 

1.40 

11 

21.80 

48.60 

2.06 

48.25 

50.00 

26.60 

12 

2      9.90 

82.20 

60.80 

82.10 

1    25.60 

39.88 

18 

42.10 

32.22 

2    22.40 

82.10 

2      5.48 

89.87 

14 

8    14.82 

82.88 

54.60 

82.20 

45.85 

89.95 

15 

46.65 

1.55 

161.85 

8    26.70 

1.65 

160.74 

8    26.30 

1.80 

159.60 

16 

48.20 

1.62 

161.85 

28.85 

1.60 

160.79 

26.60 

1.30 

150.60 

17 

49.82 

1.59 

161.42 

29.95 

1.50 

160.71 

27.90 

1.30 

159.59 

18 

51.41 

1.50 

161.86 

81.54 

1.56 

160.73 

29.20 

1.85 

159.57 

19 

58.00 

1.61 

161.84 

88.10 

1.68 

160.68 

30.65 

1.40 

159.56 

20 

54.61 

1.61 

161.81 

84.78 

1.60 

160.73 

81.95 

1.85 

159.65 

21 

56.22 

1.68 

161.40 

86.88 

1.62 

160.79 

88.80 

1.88 

159.70 

22 

57.90 

1.58 

161.45 

88.00 

1.60 

160.75 

84.63 

1.82 

159.66 

28 

50.48 

1.55 

161.48 

89.60 

1.59 

160.70 

85.95 

1.40 

159.65 

24 

4      1.06 

1.59 

161.81 

41.19 

1.61 

160.69 

87.85 

1.88 

159.75 

25 

2.62 

161.82 

42.80 

160.75 

88.68 

150.68 

Mean  time  for 

lOOrevo- 

Mean  tin 

le  for  100 

Mean  tin 

ae  for  120 

la 

dons 

161.867 

revolut 

ions 

160.738 

revolul 

tions 

159.688 

Time  in 

seconds 

Time  in 

seconds 

Time  In    sec 

onds  for 

for  om 

s  revolu- 

for  on< 

3  revolu- 

OOfl  revnlntdt 

on 

1.6187 

tion . . . 

1.6078 

tion... 

1.8808 

DETERMINATION  OF  THE  RATE  OF  THE  METERS  AND  THE  FREQUENCY  OF 

THE  CURRENT. 

The  rate  of  the  meters  was  determined  by  means  of  a  chronograph 
and  chronometer,  record  being  made  at  the  end  of  every  revolution 
of  the  disk  or  drum  for  the  first  ten  revolutions  at  the  beginning  of  a 
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run  and  the  last  ten  at  the  end  of  the  run,  and  in  addition  once  in  ten 
or  twenty  revolutions  during  the  run.  The  runs  average  about  three 
minutes  each.  The  record  on  the  chronograph  sheet  was  read  by 
means  of  a  diagonal  scale  and  gave  the  mean  time  of  one  revolution 
with  great  accuracy.  An  example  is  given  in  Table  I.  Eleven  inde- 
pendent determinations  of  the  time  of  100  revolutions  of  the  disk  are 
given  in  the  fourth  and  seventh  columns  for  meters  1  and  2  and  of 
120  revolutions  in  the  tenth  column  for  meter  3.  The  average  of 
these  eleven  values  is  used  in  deriving  the  mean  time  for  one  revolu- 
tion. At  the  same  time  an  electric  circuit  was  closed  by  a  contact 
point  connected  to  the  generator  once  in  every  hundred  revolutions, 
and  these  contacts  were  recorded  on  the  chronograph  sheet  This 
gave  the  frequency  of  the  current  very  exactly.  A  slight  correction 
is  applied  to  the  rate  of  each  meter  for  the  small  departure  of  the  fre- 
quency from  60,  which  is  the  standard  frequency  for  the  meters 
tested.  This  correction  is  of  course  determined  for  each  meter  sepa- 
rately and  may  be  taken  from  the  cui*ves  in  fig.  10.  In  Table  11  are 
given  the  readings  from  the  chronograph  record  for  determining  the 
frequency  of  the  current,  which  in  this  case  averaged  59.95  for  the 
period  of  the  run. 

Table  II. — Rboord  for  Determination  of  the  Frequency  op  the  Oureemt. 


Time  of  contacts  at  begin- 
ning of  run. 

Time  of  contacts  at  end 
of  run. 

Time  for  5,100  revolutions. 

tn.      8, 

1     3.25 

6.60 

9.92 

13.28 

16.60 

m.      8. 

3  53.40 
56.73 

4  0.05 
3.40 
6.75 

Sec(md$, 
170. 15 
170. 13 
170. 13 
170. 12 
170. 15 

Mean  =  170.136 

Frequency  =-v~?V7^=69-^  cycles  per  second. 
•^      170.136 


Before  making  a  series  of  runs  on  the  meters  the  load  was  applied 
and  they  were  warmed  up  to  an  equilibrium  temperature.  In  order 
to  eliminate  errors  due  to  any  ch^inges  in  temperature  that  might  sub- 
sequently occur,  as  well  as  any  other  constant  errors  due  to  changing 
conditions,  and  so  obtain  the  eflFect  of  the  varying  wave  form  alone, 
the  tests  with  distorted  wave  forms  were  interspersed  with  tests  using 
sine  wave  forms.  Any  progressive  change  in  the  meters,  or  the 
standard  wattmeter,  would  thus  be  eliminated.     Table  HI  gives  the 
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results  of  49  runs  on  three  meters  made  May  26,  1904,  using  a  sine 
wave  and  a  distorted  wave  due  to  25  per  cent  harmonic,  peak  and  flat, 
as  shown  in  figs.  1  to  4.  The  numbers  of  the  runs  show  the  order  in 
which  they  were  taken.  For  example,  the  first,  fourth,  and  seventh 
were  made  with  a  sine  wave  and  are  grouped  together  in  the  table. 
The  actual  frequency  for  each  run  is  given  in  the  table,  but  the  times 
of  one  revolution  given  in  columns  6,  8,  and  10  have  been  reduced  to 
60  cycles.  The  numbers  given  in  colunms  7,  9,  and  11  are  the  means 
of  the  corresponding  values  in  columns  6,  8,  and  10. 
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PHASE  OF  HARMONIC 

Fio.  5.— Showing  the  yaiiation  in  the  rate  of  five  induction  meters  with  25 'per  cent  harmonic  in 
the  current  as  the  phase  of  the  harmonic  is  changed  from  (P  to  30°,  60<=*,  and  90°. 

Buns  2  and  5  were  made  using  a  peaked  wave  and  runs  3  and  6 
using  a  flat  wave.  The  phase  of  the  harmonic  was  then  shifted  30^, 
and  seven  runs  made  in  the  same  order  as  before.  The  third  set  of 
seven  runs  was  made  with  the  harmonic  at  60°,  the  fourth  set  at  90°, 
and  then  three  more  sets  of  runs  were  made  in  reverse  order  with 
respect  to  the  phase  of  the  harmonic,  making  in  all  seven  sets  of  seven 
runs  each.  The  difference  in  per  cent  obtained  in  Table  IV,  together 
with  corresponding  differences  in  other  inns  using  10  and  50  per  cent 
harmonic,  the  detailed  results  of  which  are  not  here  given,  are  shown 
in  Table  V.  All  these  results  are  plotted  in  figs.  6  to  9.  The  results 
obtained  in  the  runs  of  May  26,  given  in  Tables  III  and  IV,  are  plot- 
ted in  fig.  6. 
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Table  III.—Tablb  of  Results  or  49  Runs  on  Thbbb  Metbbs  (Tsinq  Sink,  Pbak 
AND  Flat  Waves,  with  Different  Phases  of  the  Habmonic,  which  is  25  Pbb 
Cent  of  the  Fundamental. 


Phase 
of 

har- 
monic. 

Lag  of 
cur- 
rent. 

Wave 
form. 

Fre- 
qnency. 

Time  in  seconds  for  one  revolntion  of  disk. 

■ 

Meter  No.  1. 

Meter  No.  2. 

Meter  No.  8. 

o 

• 

o 

Time. 

Mean. 

Time. 

Mean. 

Time. 

Mean. 

1 

4 
7 

2 
5 

8 
6 

8 
11 
14 

9 
12 

10 
18 

15 
18 
21 

16 
19 

17 
20 

22 
25 
28 

23 
26 

24 
27 

29 
82 
35 

19.8 
18.9 
18.6 

Sine 

Sine 

Sine.... 

59.96 
60.85 
60.28 

1.6187 
1.6178 
L6148 

1.6164 

1.6078 
1.6109 
L6071 

L6064 

1.8908 
L8821 
1.8300 

1.3306 

0 
0 

19.8 
19.0 

PeaJt  ... 
Peak  ... 

50.89 
60.81 

1.6180 
1.6187 

1.6188 

L6096 
1.6106 

L6099 

1.8438 
L8425 

L8431 

0 
0 

17.0 

Flat.... 
Flat .... 

60.38 
60.26 

1.6208 
1.6184 

L6198 

1.6141 
L6121 

L6181 

1.3407 
L3390 

1.SS88 

Sine 

Sine 

Sine 

59.96 
60.08  1 
69.95  ' 

1.6121 
L6169 
1.6153 

1.6148 

1.6051 
1.6099 
1.6062 

L6077 

1 

1.8289 
L8320 
L3d07 



20.0 
19.2 

L8306 

80 
80 

19.1 
19.3 

Peak  ... 
Peak  ... 

60.09 
59.98  1 

1.6197 
1.6202 

L6199 

1      1.6116 
1.6125 

L6120 

1.3440 
1.8448 

1.3441 

80 
30 

17.7 
17.0 

Flat.... 
Flat 

1 
60.12 

69.99 

1.6149 
1.6155 

1.6152 

1.6091 
1.6092 

L6092 

1.8405 
1.3404 

1.3404 

19.5 
18.9 
18.8 

Sin© 

Sine 

Sine 

1 
60.14  1 
60.04 
59.90  1 

1.6148 
L6158 
1.6162 

1.6156 

1.6089 
1.6086 
1.6088 

-    L6088 

L8809 
L8806 
1.8311 

1.3309 

60 
60 

17.9 
17.2 

Peak  ... 
Peak  ... 

1 
60.10  j 
60.12 

1 

L6214 
1      1.6219 

1.6216 

L6127 
1.6140 

1.6183 

1 

1.8428 
1.8429 

1.8426 

60 
60 

16.6 
15.9 

Flat  — 
Flat  .... 

60.05  , 
59.94  , 

1.6127 
1.6125 

1.6126 

1.6063 
i.6069 

L6061 

L3398 
1.8390 

L3S91 

20.2 

Sine.... 
Sine .... 
Sine.... 

60.28 
60.10  , 
60.05  , 

1.6151 
1.6152 
1.6150 

1 

L6151 

1.6076 

1.6084 

'      1.6077 

4 

L6133 
1.6138 

1.6079 

L8802 
1.8307 
1.8306 

L8S05 

i 

19.8 

90 

90 

1 

18.9 
18.8 

Peak  ... 
Peak... 

( 

60.18 
60.07  1 

i 

1      1.6211 
1      L6222 

L6216 

}    1.6136 

,      1.3417 
L8422 

1.3419 

90 
90 

18.0 

Flat 

Flat.... 

( 
60.10  1 

60.04 

59.86  1 
60.15  1 
60.11 

- 1 

i                   1 
1      1.6124 

1.6127 

1    1.6125 

L6066 
1.6052 

t 

1 

1.6064 

1 

i      1.8401 

{      L3399 

1.8400 

i 

19.8 
19.1 
19.3 

Sine.... 

Sine 

Sine 

1      1.6162  ' 

1.6183 
t      1.6190 

1.6178 

1 —     —  ~ 

1.6091 
L6105 
1.6113 

1 

1.6108 

1.8322 
1.3328 
L8333 

1.3328 
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Table  III* — ^Table  of  Rb8Ui;tb  of  49  Runs  on  Thrbb  Mbtkbs  Using  Sinb,  Peak 

AND  Flat  Waves,  etc. — Continued. 


Phase 
of 
har- 
monic. 

Lag  of 
cur- 
rent. 

Wave 
form. 

Fre- 
quency. 

Time  in  seconds  for  one  revolution  of  disk. 

• 

c 

Meter  No.  1. 

Meter  No.  2. 

Meter  No.  3. 

O 

■ 

O 

Time. 

Mean. 

Time.       Mean. 

Time. 

Mean. 

80 
83 

60 
60 

18.1 
........ 

Peak  ... 
Peak  ... 

69.83 
60.11 

1.6234 
1.6244 

1.6289 

1.6164  1    ^-^^^ 

1.3447 
1.8460 

1.3448 

81 
84 

60 
60 

16.8 
16.8 

Flat.... 
Plat.... 

60.22 
60.10 

1.6143 
1.6165 

1.6149 

1.6087 
1.6C^1 

1    1.6089 

1.8405 
1.8428 

1      1.3414 

86 
89 
41 



20.0 
20.1 
20.1 

Sine.... 

Sine 

Sine 

60.12 
60.20 
60.25 

1.6184 
1.6177 
1.6176 

1.6179 

1.6116 
1.6108 
1.6104 

1.6106 

1.8889 
1.8380 
1.3826 

1.8832 

87 
40 

30 
30 

19.5 

Peak  ... 
Peak... 

60.12 
60.22 

1.6222 
1.6219 

1.6220 

1.6182 
1.6181 

1    1.6182 

1.8467 
1.8454 

1.8465 

88 

42 

80 
80 

17.6 

Flat 

Flat  .... 

60.17 
60.27 

1.6169 
1.6195 

1.6182 

-1 

1.6104 
1.6115 

1.6110 

1.3414 
1.3417 

1.8415 

44 

47 

20.2 
20.4 

Sine 

1.6178 
1.6176 

1.6177  1 

1.6101 
1.6112 

L6106 

1.3826 
1.8828 

1.3327 

Sine 

60.01 

45 

0 
0 

22.0 

Peak  ... 

1.6191 
1.6190 

1.6190 

1.6104 
1.6107 

1.6106 

1.8468 
1.8460 

1.3466 

49 

Peak  ... 

60.11 

48 

0 
0 

17.6 

Flat 

1.6216 

1.6220 

1.6164 
1.6164 

1.6164 

1.8424 
1.8429 

1      1.3426 

46 

Flat.... 

60.04 

1.6224 

Table  FV. — Summary  of  Results  Shown  in  Table  III. 


Meter 

Phase 
of  har- 
monic. 

Sine. 

Peak. 

Per  cent 

f 

Per  cent. 

No. 

slow. 

Slow. 

Fast. 

1 
1 
1 
1 

0 
30 
60 
90 

1.6166 
1.6164 
1. 6167 
1.6161 

1.6186 
1. 6210 
1.6228 
1. 6216 

0.12 
0.28 
0.38 
0.40 

1.6206 
1. 6167 
1.6138 
1.6125 

0.25 
0.02 

'"6."  is" 

0.16 

2 
2 
2 
2 

0 
30 
60 
90 

1.6095 
1.6092 
1.6096 
1.6079 

1.6102 
1.6126 
1.6142 
1.6136 

0.04 
0.21 
0.29 
0.35 

1. 6142 
1. 6101 
1.6075 
1.6054 

0.29 
0.06 

"6."  is" 

0.16 

3 
3 
3 
3 

0 
30 
60 
90 

1.3318 
1.3318 
1.3318 
1.3305 

1.3444 
1.3448 
1.3437 
1.3419 

0.95 
0.98 
0.89 
0.85 

1. 3412 
1.3410 
1.3402 
1.3400 

0.70 
0.69 
0.63 
0.71 

•  .-•••••a 
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In  Table  IV  the  values  given  are  the  means  of  the  two  values 
found  for  the  corresponding  case  and  shown  in  Table  III.  Thus 
1.6166  is  the  avei*age  of  1.6154,  the  mean  found  for  runs  1,  4,  7  and 


W     PHASE  OF  HARMONIC 


Fio.  0.— Showing  the  variation  in  the  rate  of  three  induction  meters  with  10  per  cent  harmonic  in 
the  current  as  the  phase  of  the  harmonic  is  changed  from  (P  to  90°. 

1.6177,  the  mean  of  runs  44,  47.  Likewise,  1.6186  is  the  average 
of  1.6183  (runs  2, 5)  and  1.6190  (runs  45, 49).  This  eliminates  effect  of 
changing  temperature  during  the  coui'se  of  the  experiments. 
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Ptak-S. 


Flat -3. 
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50^0  OF  Harmonic. 


o 

UJ 

A. 


'Meter  No.1. 


••  2. 
M    3. 


0- 
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90« 


Fio.  7.— Showing  the  variation  in  the  rate  of  three  induction  meters  with  60  per  cent  harmonic  in 
the  current  as  the  phase  of  the  harmonic  is  changed  from  0^  to  90°. 

The  maximum  variation  due  to  25  per  cent  harmonic  is,  in  the  case 
of  meter  3,  a  little  less  than  1  per  cent,  being  greater  with  the 
peak  than  the  flat,  but  not  varying  much  with  the  phase  of  the 
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harmonic.  On  the  other  hand,  meters  1  and  2  show  smaller  errors  due 
to  the  presence  of  the  harmonic,  but  greater  changes  due  to  shifting 
the  phase  of  the  harmonic,  both  changing  from  slow  to  fast  on  the 
flat  wave  when  the  phase  is  shifted.  Meter  4  runs  faster  for  both 
peak  and  flat  and  at  all  phases  than  on  a  sine  wave.  It  is  the  only 
meter  of  the  five  for  which  this  is  true. 

Fig.  6  shows  the  effect  of  changing  the  phase  of  the  harmonic  from 
0^  to  90^  when  using  a  harmonic  of  10  per  cent,  and  fig.  7  shows 
the  same  for  50  per  cent.  Only  three  meters  were  used  in  these 
experiments. 


PER   CENT  OF   HARMONIC. 

Fie.  8.— Showing  the  yariation  in  the  rate  of  flye  induction  metera  with  10,  25,  and  60  per  cent  of 

hannonic,  the  phase  of  the  harmonic  in  each  case  being  (P. 

Fig.  8  shows  the  effect  of  changing  the  harmonic  from  10  per  cent  to 
25  per  cent  and  50  per  cent,  keeping  the  phase  constant.     Meters  1  and 

2  show  the  least  change  in  rate;  meter  4  runs  faster,  and  meters  3  and 
5  run  slower  and  show  the  greatest  change  in  rate.  Fig.  9  shows  for 
three  meters  thejsame  thing  as  fig.  S,  except  that  the  phase  of  the  har- 
monic is  90^  different.  Meters  1  and  2  show  relatively  small  changes, 
but  both  Tun  faster  on  the  flat  than  on  the  sine.     Meter  3  runs  nearly 

3  per  cent  slower  on  the  50  per  cent  harmonic  than  on  the  sine. 
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PER   CENT    OF  HARMONIC. 

Fio.  9.— Showing  the  yariatlon  in  the  late  of  three  induction  meten  with  10, 25,  and  60  per  cent  of 

harmonic,  the  phase  of  the  harmonic  in  each  caae  heing  9(P. 


50  56  60  65  70 

CYCLES   PER  SECOND 
Fig.  10.— Showing  the  variation  in  the  rate  of  five  induction  meters  with  change  of  frequency. 
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The  effect  of  change  of  frequency  on  the  rate  of  the  meters  is 
shown  in  fig.  10.     It  is  relatively  small  in  every  case  but  one. 

These  results  show  that  with  suitable  precautions  induction  meters 
may  be  made  to  repeat  their  readings  very  accurately,  so  that  precision 
methods  may  be  applied  in  studying  them.  They  also  show  that  the 
variations  due  to  wave  form  depend  not  only  on  the  harmonics  which 
are  present  and  their  magnitudes,  but  also  on  their  phases. 

The  Bureau  of  Standards  is  now  having  a  generating  set  constructed 
which  will  give  all  the  odd  harmonics  up  to  the  fifteenth  and  any 
desired  combination  of  them  with  the  fundamental.  When  this  is 
completed  it  will  be  used  to  study  the  effects  of  the  higher  harmonics 
on  the  rate  of  these  meters.  The  results  given  here  show  that  for 
conmiercial  purposes  all  the  meters  so  far  studied  may  be  considered 
accurate  on  any  ordinary  wave  form  where  only  the  third  harmonic 
enters  appreciably,  although  two  meters  show  variations  of  about 
3  per  cent  when  the  harmonic  amounts  to  as  much  as  50  per  cent  of 
the  fundamental. 


DETECTOR  FOR  VERY  SMALL  ALTERNATING  CURRENTS 

AND  ELECTRICAL  WAVES. 


By  L.  W.  Austin. 


e 


t 


A  number  of  years  ago  I  noticed  that  a  copper  sulphate  cell  with 
copper  electrodes,  one  of  which  was  considerably  larger  than  the  other, 
showed  an  apparent  rectifying  effect  for  alternating  currents  of  the 
order  of  those  produced  by  speaking  with  the  mouth  pressed  against 
an  ordinary  telephone  receiver.  In  the  original  experiment  the  recti- 
fying cell,  the  telephone,  and  a  d'Arsonval  galvanometer  of  moderate 
sensibility  were  connected  in  series.  The  lowest  tone  spoken  into  the 
te1ephone»produced  a  deflection  of  the  galvanometer,  and  a  louder  one 
drove  it  from  the  scale.  Recently  1  have  again  taken  the  matter  up, 
desiring,  if  possible,  to  find  an 
explanation  of  the  rectifying 
effect,  and  also  to  test  the  use- 
fulness of  the  detector  in  the 
laboratory. 

To  test  the  sensibility  of  the 
detector  for  alternating  currents, 
a  known  alternating  current  was 
passed  through  a  bridge  wire 
of  about  1  ohm  resistance,  and 
from  this,  by  means  of  sliding 
contacts,  various  potential  differ- 
ences were  applied  to  the  de- 
tector (see  fig.  1).    A  form  of  -^ 

key   was    used   which    kept    the  Fi«.l.-CoimectioiM  for  detector  (form  l). 

detector  circuit  short-circuited  when  not  connected  to  the  potential 
wire.  This  was  necessary  on  account  of  the  small  electromotive  forces 
always  present  in  the  cell,  due  to  slight  differences  in  the  electrodes. 
In  order  to  reduce  these  as  much  as  possible,  the  electrodes  were 
generally  made  from  the  same  No.  30  wire,  the  small  one  varying  from 
1  mm  to  3  or  4  cm  in  length,  and  the  larger  one  from  10  to  30  cm. 
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The  sensibility  did  not  seem  to  vary  in  any  marked  de^zfree  with  the 
size  of  the  small  electrode  within  the  limits  indicated. 

The  first  hypothesis  entertained  regarding  the  nature  of  the  phenom- 
enon was  that  it  was  a  true  rectification,  the  resistance  being  greater 
for  a  current  entering  the  small  electrode  than  for  one  leaving  it. 
But  the  following  experiment  seems  to  indicate  that  the  direct  current 
is  due,  in  part  at  least,  to  some  chemical  action  produced  by  the  alter- 
nating current  and  analagous,  perhaps,  to  the  solution  of  Pt  in  11,80^ 
noticed  by  Margules^  and  Ruer^,  the  action  being  greater  on  the 
small  electrode  on  account  of  the  greater  current  density.  It  seems 
probable,  however,  that  the  cause  of  the  phenomenon  may  contain 
more  than  one  factor.     This  is  indicated  by  the  fact  that  a  reversal  of 


Fig.  2.— Gonnectioiis  for  detector  (form  2). 

the  usual  direction  of  the  current  is  occasionally  observed,  especially 
with  fine  point  electrodes  and  high  frequencies.  A  cell  was  con- 
structed with  three  electrodes,  a,  J,  c  (see  fig.  2),  h  and  F  being  con- 
nected to  the  potential  wire  Pi?  with  a  condenser  inserted  in  J?  jFand 
a  high  inductive  resistance  in  the  galvanometer  circuit,  the  arrange- 
ment being  such  that  most  of  the  alternating  current  could  be  sent 
through  either  one  of  the  electrodes  of  the  galvanometer  circuit,  and 
very  little  through  the  other.  It  was  found  that  either  aor  c  could 
be  made  electropositive  by  connecting  Fto  it,  and  that  the  direction 
of  the  current  was  now  independent  of  the  relative  size  of  the  elec- 
trodes, at  least  within  wide  limits. 


aM.  Mai^lee:  Wied.  Ann.  65,  p.  629,  1898;  66,  p.  540,  1898. 
^M.  Ruer:  Z8.  f.  phys.  Chem.  44,  p.  81;  1903. 
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In  the  accompanying  curve  (fig.  8)  the  relation  is  shown  between  the 
direct  current  produced  and  the  alternating  potential  difference 
applied  to  a  two-electrode  cell  (fig.  1),  connected  in  series  with  a  gal- 
vanometer having  a  sensibility  of  about  1.10~*  amp.  Above  0.016  volt 
(not  shown  in  figure)  the  curve  is  nearly  a  straight  line  until  in  the 
neighborhood  of  0.3  volt  it  bends  suddenly  and  becomes  nearly  parallel 
to  the  horizontal  axis.  The  lowest  voltage  observable  under  favor- 
able circumstances  with  the  instrument  connected  directly  (i.  e.  with- 
out a  transformer)  and  with  a  sensitive  galvanometer  is  about  0.0001 
volt,  the  sensibility  being  about  the  same  as  that  of  a  good  telephone 
receiver.  The  sensitiveness  is  in  general  limited  by  the  difficulty  of 
keeping  a  steady  zero.  By  using  a  small  transformer  the  sensibility 
can  be  much  increased  when  the  external  circuit  is  of  low  resistance. 


.001 


.002        .008        .004        .006         .000        MO        M»        .«t9         ^10        ^11        .012 

Fio.  8.~Relation  between  direct  current  and  alternating  P.  D. 


.013        .014 


In  this  way  I  have  sometimes  obtained  deflections  of  over  10  cm  for 
0.001  volt. 

The  action  of  the  rectifier  seems  to  be  independent  of  frequency 
within  the  limits  of  ordinary  laboratory  practice.  It  responds  equally 
well  to  a  series  of  slow  taps  on  the  diaphragm  of  a  telephone,  or  to 
a  frequency  of  several  thousand  per  second.  It  has  also  been  found 
that  it  is  sensitive  to  electrical  waves,  though  less  so  and  less  regular 
in  its  action  than  the  polarized  platinuni-point  detector  of  Fessenden 
and  SchlOmilch.  With  a  modified  Blondlot  apparatus  it  was  found  to 
be  too  sensitive  to  connect  directly,  but  when  connected  to  two  small 
glass-tube  condensers  sliding  on  the  wires  of  the  secondary,  as  in  the 
Kubens  arrangement,  the  deflections  increased  or  decreased,  as  the 
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two  circuits  were  thrown  in  or  out  of  resonance.  Waves  could  also 
be  detected  when  the  receiving  apparatus  was  moved  into  the  next 
room,  and  about  2  meters  of  wire  were  hung  up  in  the  doorway,  as 
an  aerial,  3  or  4  meters  from  the  source  of  the  waves.  In  these  experi- 
ments with  waves  it  is  necessary  that  the  small  electrode  be  merely  a 
point  of  wire,  best  sealed  in  glass,  most  of  the  experiments  being  made 
with  No.  40  wire  or  smaller. 

To  secure  the  best  results,  the  small  electrode  must  be  polished  every 
two  or  three  days,  and  the  solution  made  up  with  pure  CuSO^  and  dis- 
tilled water.  The  constancy  of  deflection  is  not  by  any  means  per- 
fect, and  unless  it  is  found  possible  to  keep  the  electrodes  in  a  uniform 
condition,  its  main  use  must  be  as  a  zero  instrument.  I  have  also 
tested  the  same  arrangement  of  a  large  and  a  small  electrode  of  a  num- 
ber of  other  metals,  not  only  in  solutions  of  their  own  salts,  but  also 
in  other  electrolytes,  but  have  found  them  less  sensitive  than  copper 
in  copper  sulphate. 


POSITIVE  CHARGES  CARRIED  BY  THE  CANAL  RAYS. 


By  L.  W.  Austin. 


Experiments  have  been  made  by  W.  Wien^,  Ewers*,  and  Villard*^ 
for  detecting  the  positive  charges  carried  by  the  canal  rays  of  Gold- 
stein by  methods  similar  to  those  of  Perrin  ^  for  detecting  the  negative 
charges  of  cathode  rays.  Wien  and  Ewers  conclude  that  the  charges 
observed  ia  a  Faraday  cylinder  placed  behind  a  perforated  cathode 
were  carried  by  the  canal  rays,  while  Villard  holds  that  they  are  due 
to  the  slow  diffusion  of  positive  ions  into  the  Faraday  cylinder,  basing 
his  opinion  on  the  observation  that  the  positive  charge  first  appeared 
some  time  after  the  canal  rays  began  entering  the  cylinder,  and  in 
some  cases  only  after  the  discharge  had  ceased.  As  has  been  pointed 
out  by  J.  J.  Thomson,*  this  effect  is  very  probably  due  to  the  fact 
that  on  account  of  the  great  conductivity  of  the  gas  produced  by  canal 
rays,  the  charge  can  not  accumulate  in  the  cylinder,  but  after  the 
discharge  ceases  the  gas  recovers  its  insulating  power  and  the  cylinder 
can  retain  any  charges  which  diffuse  into  it.  If  this  view  is  correct, 
the  positive  charges  in  the  cylinder,  at  least  when  observed  electro- 
metrically,  are  due  mainly  to  diffusion  and  not  to  convection  by  the 
canal  rays. 

While  almost  all  physicists  must  be  satisfied  from  the  work  of  W. 
Wien  on  the  magnetic  and  electric  deflections  of  canal  rays  that  these 
rays  carry  a  positive  charge,  the  prominence  given  to  the  objections 
of  Villard  in  recent  publications^  make  it  desirable  to  publish  the  fol- 
lowing direct  experimental  demonstration  of  the  positive  charges  of 
the  canal  rays,  which  seems  to  be  free  from  the  objections  just  cited. 

The  plan  of  the  experiment  is  somewhat  similar  to  that  of  Ewers. 
The  form  of  the  tube  is  shown  in  figure  1.     The  discharge  takes  place 

a  W.  Wien:  Wied.  Ann.  65,  p.  445;  1898. 

ft  Ewers:  Wied.  Ann.  69,  p.  167;  1899. 

c  Villard:  J.  de  Phye.  (3)  8,  pp.  5  and  140;  1899. 

tf  Perrin:  Comptes  Rendus,  121,  p.  1130;  1895. 

*  J.  J.  Thomson:  Conduction  of  Electricity  Through  Gases,  p.  521. 
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entirely  in  the  part  A^  which  is  7  cm  long  and  2.5  cm  in  diameter. 
The  diaphragms  dy  with  openings  2  mm  in  diameter,  form  the  cathode, 
and  the  canal  rays  pass  through  this  into  the  part  of  the  tube  £.  This 
is  lined  with  brass  netting,  and  at  its  center  is  placed  a  brass  cylinder 
^,  1.5  cm  in  diameter,  with  a  4  mm  opening.  This  cylinder  can  be 
turned  back  out  of  the  way,  and  is  connected  to  earth  through  a  gal- 
vanometer haying  a  sensibility  of  4  X  lO"*  amperes.    The  anode  e  is  con- 


FiQ.  1.— Plan  of  tube. 

nected  to  one  pole  of  an  influence  machine  giving  a  current  of  about 
0.0003  amp.,  the  other  pole  of  which,  as  well  as  the  cathode  d  and  the 
brass  net,  are  connected  to  earth.  By  this  arrangement  practically 
the  whole  of  any  charge  imparted  to  the  cylinder  by  the  canal  rays 
which  enter  it  passes  through  the  galvanometer  to  earth,  as  the  resist- 
ance of  the  gas,  even  when  highly  ionized,  is  always  very  much 
greater  than  that  of  the  galvanometer. 
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With  the  cylinder  m  position  to  receive  the  rays,  the  galvanometer 
showed  a  positive  deflection  of  about  300  mm  as  soon  as  the  discharge 
was  started;  the  deflection  dropped  at  once  to  5  mm  when  the  cathode 
rays  were  deflected  by  a  magnet,  so  that  the  canal  rays  could  not  pa^ 
the  diaphragms.  The  original  deflection  appeared  again  as  soon  as  the 
magnet  was  removed.  When  the  cylinder  was  turned  back  so  that 
the  canal  rays  just  grazed  it  as  they  passed  through  B^  the  deflection 
was  about  15  mm,  probably  due  to  diffuse  rays  from  the  main  stream. 
The  exact  position  of  the  rays  could  be  easily  determined  by  the  bright 
fluorescence  of  the  gas. 

This  experiment  was  performed  with  a  potential  difference  between 
the  electrodes  of  the  tube  of  8,000  volts,  as  measured  on  a  Braun 
electrometer. 

a  J.  J.  Thomson:  loc.  cit  E.  Rutherford:  Address  before  the  International  Con- 
gress of  Arts  and  Sciences,  St  Louis,  1904.  G.  C.  Schmidt:  Die  Kathodenstrahlen, 
p.  110. 


RADIATION  FROM  PLATINUM  AT  HIGH  TEMPERATURES. 


By  G.  K.  Burgess 


The  study  of  the  emissive  properties  of  substances  which  can  be 
brought  to  high  temperatures  without  undergoing  cheoiical  or  physical 
changes  of  surface  is  important  in  optical  pyrometry  for  the  practical 
realization  and  measurement  of  high  temperatures;  for  a  knowledge 
of  the  emissive  properties  of  platinum,  for  instance,  at  various  tem- 
peratures, gives  a  ready  means  of  obtaining  true  temperatures  from 
observations  of  the  ''black-body  temperatures"  as  measured  by  an 
optical  pyrometer.  A  platinum  strip  may  replace  to  advantage  an 
experimental  black  body,  especially  at  temperatures  above  1,500^  C, 
and  may  conveniently  serve  as  a  luminous  source  for  the  comparison 
or  calibration  of  optical  pyrometers. 

It  is  the  object  of  this  paper  to  interpret  the  observations  **  of 
Dr.  Waidner  and  the  author  on  the  departure  of  platinum  from  black- 
body  radiation  for  red,  green,  and  blue  light,  in  terms  of  the  now 
better  known  values  of  the  higher  temperatures  involved,  and  as 
expressed  by  Wien's  law  as  applied  in  a  form  first  suggested  by  Lucas.* 

For  a  black  body,  Wien's  law  for  the  distribution  of  energy  in  the 
spectrum  may  be  written 

log  E=  log  C.  -  5  log  X-  ^i^  6,  (1) 

where  E\s^  the  energy  radiated  between  wave  lengths  \  and  X+^X,  B^ 
the  reciprocal  of  the  absolute  temperature,  C^  and  C,  constants,  and 
€,  the  logarithmic  base. 
For  any  other  substance  at  the  same  photometric  brightness  we  have 

aC.  W.  Waidner  and  G.  K.  Burgess:  Optical  pyrometry;  Bull.  Bureau  of  Stand- 
ards, 1,  p.  189;  1904. 

&R.  Lucas:  Phys.  ZS.,  6,  pp.  19,  418;  1905. 
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log  ^=log  C^-n  log  \-  ^«'  jl^g  ^  ^,  (2) 

in  which  n>5,  6^,*>64  and  B^6^.  Thus,  for  platinum  n=6.42 
according  to  Paschen,  and  n=^^  from  Lunmier  and  Pringsheim's  work. 
The  largest  value  of  (7,  for  the  visible  spectrum  is  that  deduced  from 
the  measurements  of  Lummer**  and  Pringsheim:  Ci= 5X^7'=  5x2940 
=14700,  and  the  smallest  value  of  C/  is  6V=6A.»^r*=6-2600=15600. 

That  ^,>^i,  follows  from  the  definition  of  a  black  body.  C^  and  C^ 
are  both  small  and  the  difference  of  their  logarithms  is  negligible  in 
most  of  what  follows. 

We  may  shorten  the  expressions  by  grouping  the  various  constants, 
as  follows: 


iogc;-5iogx=jri 

(A)  (B) 

Whence,  by  equating  (1)  and  (2), 

Or,  more  simply, 

0,  =  a0,+/3  (3) 

Where 

''=f=fby(^  (4) 

And 
0=^=>  (log  C-lo,^  (V+(n-5>  log  »^^  ^^,  ^^  ,^     ^^^ 

or 

/?= JfX  log  X  (5a) 

where  jff^is  a  constant,  characteristic  of  the  substance. 

Furthermore,  the  constants  a  and  /3  must  lie  within  well-defined 
limits,  as  follows: 

a>l  since  (7/  >  (7,  (6) 

That  is,  a  is  always  greater  than  unity,  but  approaches  unity  as 
the  substance  examined  is  more  nearly  a  black  body;  «= 1.06  from 

^A  discussion  of  the  values  of  these  constants  is  g^ven  by  Lummer  in  Reports  to 
Congress  of  Physics,  Paris,  1900,  vol.  2,  p.  41. 
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the  data  cited  above.     Again,  a  is  independent  of  the  wave  length 
A.  to  a  first  approximation,  by  (4). 
Since  experiment  shows  ti.  >  5,  we  have 

/?  >  0  (7) 

or  P  approaches  zero  as  the  black  body  condition  is  approached,  and 
equation  (5a)  shows  the  dependence  of  ft  upon  the  wave  length,  namely, 
that  P  increases  as  the  product  of  the  wave  length  into  its  logarithm. 
The  constant  n  can  evidently  be  computed  by  (5)  if  ft  and  C^  are  known, 
or  conversely,  P  may  be  calculated;  but  then,  in  these  computations 
log  C^— log  O^  is  no  longer  negligible. 

Equation  (3)  was  deduced  by  Jjucas,^  although  he  does  not  show 
completely  the  interrelations  of  the  constants  involved  nor  the  neces- 
sary limitations  as  to  the  numerical  values  of  a  and  ft. 

Ek}uation  (3)  with  the  above  corollaries  is  fundamental  and  com- 
pletely expresses  the  departure  of  any  substance  from  a  black  body  in 
terms  of  the  temperature  and  two  constants  whose  values  are  a  measure 
of  its  emissive  properties,  and  states  that  the  reciprocah  of  the  tem- 
veratures  of  a  Hack  hody  cmd  cmy  svbstance  hamng  the  same  photo- 
metric hrightness  are  directly  proportionaL 

As  the  equation  is  linear,  a  knowledge  of  the  black  body  temperature 
and  true  temperature  at  two  points  only  is  sufficient  to  completely  define 
the  departure  of  the  radiation  of  a  given  substance  from  that  of  a 
black  body  throughout  the  entire  temperature  scale,  provided  the  sub- 
stance undergoes  no  chemical  change;  and  since  or  is  a  contant  inde- 
pendent of  A.,  when  equation  (3)  is  determined  for  any  single  value  of 
A.,  that  for  any  other  value  of  A.  in  the  visible  spectrum  is  had  by  an 
observation  of  6^  at  a  single  temperature.  These  facts  are  expressed 
by  writing  (3)  in  the  form: 

e^  =  ae^+K\\og\  (8) 

Experimetal  verification  of  the  above  conclusions  is  had  in  the  obser- 
vations *  of  Dr.  Waidner  and  the  author  on  the  relation  between  the 
black  body  temperature  and  the  true  temperature  of  platinum  for 
wave  lengths  A=0.651/i  (red),  A.=0.550/i  (green),  and  A.=0.474/i  (blue). 
The  observations  were  taken  on  a  platinum  strip  mounted  on  a  Joly 
meldometer,  and  the  scale  defined  by  melting  points,  that  of  platinum  ^ 
being  assumed  as  1,715°  C.  and  palladium  (slightly  impure)  as  1,525°  C. 

^  Lucas,  1.  c. 

ft  Waidner  and  Burgess,  1.  c. 

^'Holbom  and  Henning:  Sitzungber.,  Berlin  Akad.,  March  2,  1905,  p.  311.  Har- 
ker:  Chem.  News,  91,  pp.  262,  274;  1905. 
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The  accompanying  table  gives  S^  the  black  body  temperatures 
(absolute)  of  the  platinum  as  measured  by  a  Holborn-Eurlbaum  opti- 
cal pyrometer,  corresponding  to  the  true  absolute  temperatures  T. 

6^  and  6^  are  the  reciprocal  temperatures,  i  e.,  ^i=-oand  ^,=^,    and 
the  number  of  determinations  of  8  is  given  in  the  column  beaded  p. 


Radiation  from  platinum. 

'^obs 

1 

XED  UOHT:  A= 
0. 

»0.661m.    tfi-l.O^Mft+O.OOOOSA? 

B 

Sob« 

1 

r  computed. 

^ob9'~^calc 

1 

P 

996 

939 

0.0010650 

! 
0.0010040    1        996.3 

-0.3 

6 

1055 

990 

10101 

9479           1052. 5 

-1-2.5 

2 

1223 

1145 

8734 

8177           1224. 3 

-1.3 

5 

1337 

1246 

8026 

7480           1337. 9 

-0.9 

10 

1500 

1392 

7184 

6667           1502. 2 

-2.2 

2 

1606 

1482 

6748 

6227 

1604.7 

+1.3 

2 

1798 

1647 

6072    '            5562 

1794.5 

+3.5 

9 

1988 

1814 

5513 

5030 

1989. 1 

-1.1 

14 

G 

REEN  LIGHT:  A>0.56(W.    #i  =- 1.0820  «t +0.00002: 

18. 

1337 

1258 

0. 0007949       0. 0007480 

1334.9 

+2.1 

5 

1500 

1409 

7097 

6667 

1500.3 

-0.3 

2 

1606 

1506 

6640 

6227 

1607.0 

-1.0 

2 

1798 

1676 

5967 

5562 

1795.2 

+2.8 

4 

1988 

1850 

5405 

5030 

1989.6 

-1.6 

10 

1 

ILUE  LIGHT:  A<-0.474^.    #i  =•1.084  «t+0.0000107 

• 

1606 

1529 

0.0006540 

0.0006227 

1607.3 

1.3 

2 

1798 

1699 

5886 

5562 

1789.3 

+8.7 

2 

1988 

1885 

5305 

5030           1989.2 

-1.2 

8 

The  observations  for  the  red  (X=0.651/i)  satisfy  the  equation,  see  (3), 

6>j  =  1.0256  ^,+0.0000357 

the  constants  being  determined  by  least  squares. 
Similarly,  for  the  green  (X=0.550) 

/?!= 1.0320  /?,+0.0000218 
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and  for  the  blue  (X =0.474) 

^1=1.034  6>,+0.0OOO107. 

The  values  of  T  as  computed  from  the  formula  7= s~i~g  are  given 

in  the  fifth  column  of  the  table  and  ^T  in  the  sixth.  The  diflferences 
between  the  observed  and  computed  values  of  T  are  well  within  the 
errors  of  observation. 

It  will  be  seen,  moreover,  that  within  the  same  limits  the  value  of 
a  (coefficient  of  6^)  satisfies  the  necessary  conditions  of  being  slightly- 
greater  than  unity  (equation  6)  and  a  constant  nearly  independent  of 
the  wave  length  (equation  4).  The  values  of  /3  also  satisfy  the  condition 
expressed  in  equations  (5a)  and  (8). 

Lucas  ^  discusses  Hoi  born  and  Kurlbaum's*  observations  on  plati- 
num for  red  radiation  (A. =0.643),  and  finds  they  satisfy  the  relation 

^j= 0.9857  <y,+ 0.0000598 

with  an  average  deviation  of  about  4°  C.  Holborn  and  Henning*^  find 
empirically  for  the  same  observations 

6>,=/9,+0.000507. 

The  preceding  deductions  from  Wien's  law  are  general  and  apply 
to  any  substance  conserving  the  optical  properties  of  its  surface  with 
continued  heating.  The  comparative  ease  with  which  a  and  /3  may  be 
determined  experimentally,  and  the  simplicity  of  the  linear  relation 
connecting  them,  would  seem  to  indicate  the  desirability  of  express- 
ing mono-chromatic  radiation  properties  in  terms  of  these  two  con- 
stants a  and  /3.  To  the  same  order  of  approximation,  Planck's  equa- 
tion gives  the  same  solution. 

^  Lucas  1.  c. 

b  Holborn  and  Kurlbaum:  Ann.  d.  Phys.  10,  p.  225;  1903. 

<^  Holborn  and  Henning,  1.  c. 


nVE-THOUSAND  VOLT  GENERATOR  SET. 


By  P.  G.  NumNG. 


At  the  Pittsburg  meeting  of  the  American  Association  for  the 
Advancement  of  Science  in  1902,  Professor  Moler  described  a  set  of 
generators  for  producing  continuous  current  at  a  high  potential  which 
he  had  installed  at  Cornell  University.  This  set  consisted  of  twenty- 
four  500-volt  Crocker- Wheeler  units,  connected  in  series  and  giving 
a  maximum  current  of  one-fifth  ampere.  It  was  used  for  several 
months  by  the  writer  and  served  as  a  basis  for  the  d^ign  of  the  set 
here  described. 

The  generation  and  control  of  a  high  potential  current  from  multi- 
ple units  is  a  comparatively  simple  matter.  But  the  destructive  break- 
downs caused  by  the  breaking  of  belts  and  brushes  suggested  the 
advisability  of  mounting  the  set  as  compactly  as  possible  on  a  table 
provided  with  castors,  so  that  it  might  be  kept  under  the  close  super- 
vision of  the  person  using  it. 

One  or  two  thousand  volts  is  a  sufficiently  high  potential  for  much 
of  the  work  pertaining  to  gas  conduction,  while  it  is  seldom  that  a  vol- 
tage of  more  than  5,000  is  desired.  On  the  other  hand,  it  is  only  above 
8,000  volts  that  insulation  becomes  troublesome,  surface  leakage 
occurring  over  oiled,  painted,  or  lacquered  surfaces,  and  across 
switches.  Hence,  5,000  volts  was  chosen  as  the  most  suitable  potential, 
requiring  no  special  precautions  as  to  insulation  and  yet  ample  for 
most  work. 

Units  of  500  volts  were  chosen  as  a  compromise  between  reducing 
the  number  of  machines  to  the  least  possible  amount  on  the  one  hand, 
and  minimizing  commutator  sparking  and  difficulties  of  insulation  by 
increasing  the  number  of  machines  on  the  other.  The  old  standard 
form  of  bipolar,  shunt-wound,  500-volt  Crocker- Wheeler  motor  was 
chosen  as  the  most  suitable  form  of  unit  on  the  market.  The  commu- 
tators of  these  machines,  containing  sixteen  segments,  are  easily  acces- 
sible while  the  machines  are  in  operation  and  require  but  little  polishing 
to  be  kept  free  from  sparking. 
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As  shown  in  the  accompanying  reproduction  of  a  photograph  of  the 
set,  five  units  are  arranged  on  each  side  of  the  top  of  a  specially  designed 
table  of  massive  oak.  The  2  h.  p.  driving  motor  (General  Electric,  type 
^'  C.  A.")  is  mounted  in  the  middle  of  one  end  of  the  table  and  is  belted 
to  the  countershaft  to  which  each  generator  is  separately  belted. 

The  generators  are  mounted  directly  upon  the  varnished  oak  plank 
forming  either  side  of  the  top  of  the  table,  so  that  the  bodies  of  the 
units  are  insulated  from  one  another  only  by  this  wood.  Brush  holders 
and  field  terminals  are,  however,  carefully  insulated  from  the  frames 
of  the  machines  by  heavy  mica  bushings.  Three  wires  run  from  each 
unit  to  the  next;  one  wire  connects  the  armatures  in  series,  while  two 
others  serve  to  connect  the  fields  in  parallel. 

These  wires  are  covered  throughout  with  thick- walled  rubber  tub- 
ing. Where  they  project  above  the  table  they  are  supported  by  three- 
fourth-inch  ebonite  tubing,  having  one-eighth -inch  wall.  Thus  there 
is  but  little  strain  on  the  insulation,  either  between  the  separate  ma- 
chine frames  or  between  the  field  and  armature  circuits.  During  a 
year  of  heavy  service  there  was  no  case  of  breakdown  of  insulation, 
nor  any  trace  of  a  leak  developed. 

The  generator  fields  are  excited  by  being  connected  directly  to  a 
120-volt  circuit  but  where  possible  to  a  different  circuit  from  the  one 
used  by  the  driving  motor.  A  speed  controller  of  wide  range,  used  in 
connection  with  the  driving  motor,  permits  a  wide  variation  in  the 
voltage  of  the  output.  Between  3,000  and  5,000  volts  the  voltage  may 
easily  be  held  constant  to  within  1  per  cent  for  some  time. 

The  accurate  control  of  the  high  voltage  circuit  is  a  matter  of  con- 
siderable difficulty.  The  armatures  have  a  resistance  of  but  250  ohms 
each,  while  the  maximum  current  is  but  0.22  ampere.  Hence,  a  min- 
imum resistance  of  at  least  25,000  ohms  must  always  remain  in  circuit, 
while  gas  conductivity  work,  with  a  current  of  about  1  milliampere, 
requires  a  continuously  variable  resistance  of  5,000,000  ohms.  I  have 
been  using  tubes  of  amyl  alcohol  solution  of  cadmium  iodide  for  this 
purpose,  but  this  fluid  resistance  is  to  be  replaced  by  a  rheostat  of  wire 
and  graphite,  now  being  constructed  by  the  Gebr.  Ruhstrat. 

Detailed  specifications  relating  to  the  set  are  tabulated  below: 


GBNBRAT0B8. 


Output,  110  watts. 

Voltage,  500  volts. 

Maximum  current,  0.22  ampere. 

Speed,  2,500  revolutions  per  minute. 

Field,  500  ohms,  0.2  ampere. 


Armature  resistance,  250  ohms. 
Commutator,  16  segments. 
Pulley,  IJ  in.  face,  2  in.  diameter. 
Greatest  length  (spindle),  9.5  in. 
Greatest  width  (field),  7.5  in. 
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DRIVING  MOTOR. 


2  h.  p.  Creneral  Electric. 
Type,  '*  C.  A.''  15  ampere,  115  volts. 
Speed,  1,800  revolutions  per  minute. 
Pulley,  3.5  in.  face,  4.5  in.  diameter. 


TABLE. 


Top,  26  by  62  in. 
Space  per  generator,  8  by  10.5  in. 
Belts:  Motor  shaft,  3  in.;  shaft  genera- 
tors, 1  in. 


The  generator  set  here  described  is  calculated  to  make  unnecessary 
the  use  of  batteries  of  storaj^e  cells  for  all  kinds  of  vacuum  tube  work, 
and  even  for  accurate  conductivity  tests.  It  is,  however,  no  competi- 
tor for  the  small  high  potential  transformer  for  use  in  spectroscopic 
work  with  sparks  and  Plucker  tubes. 
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